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iBQMb +Tim`2/ 7`QK i?2 bBKmHiBQMb Q7 bi2T
RX h?2 ;`22M HBM2 `2T`2b2Mi  ?v/`Q;2M #QM/X X X X X X X X X X X X X X X X X eN
X3 h?2 THQi Q7 i?2 ~m+imiBQM Q7 P>@>2P #QM/ /BbiM+2 BM i?2 bBKmHiBQM
Q7 bi2T kX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dy
XN h?2 THQi Q7 UV 7`2[m2M+v /Bbi`B#miBQM M/ U#V 7`22 2M2`;v- b  7mM+iBQM
Q7 P>@>2P #QM/ /BbiM+2 BM i?2 bBKmHiBQM Q7 bi2T kX X X X X X X X X X X X dy
XRy h?2 bMTb?Qi Q7 i?2 +QM};m`iBQMb +Tim`2/ 7`QK i?2 bBKmHiBQMb Q7 bi2T
kX h?2 ;`22M HBM2 `2T`2b2Mi  ?v/`Q;2M #QM/X X X X X X X X X X X X X X X X X dR
"XR A`QM@bmH7m` +Hmbi2` b ZJ `2;BQM BM ?v#`B/ KQ/2HX X X X X X X X X X X X X X X dj
"Xk h?2 /2T2M/2M+v Q7 #bQHmi2 `2/Qt TQi2MiB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KQ/2HX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d9
GBbi Q7 h#H2b
kXR iQKB+ bTBM /Bbi`B#miBQM Q7 hR*m BM QtB/Bx2/ bii2 +H+mHi2/ #v mbBM;
"jGuS UJyeVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kj
kXk iQKB+ T`iBH +?`;2 Q7 hR*m +H+mHi2/ #v mbBM; "jGuS UJyeVX X X X X k8
kXj h?2 `2bmHib Q7 BQMBxiBQM TQi2MiBH UASV- 2H2+i`QM {MBiv U1V- M/ Kt@
BKmK #bQ`TiBQM rp2H2M;i? UλV Q7 hR*m BM p`BQmb +QTT2` T`Qi2BM X X X X ke
kX9 6BiiBM; T`K2i2` 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 xm`BM +H+mHi2/
#v "jGuS UJyeVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kd
kX8 6BiiBM; T`K2i2` 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 SHbiQ+vMBM +H+m@
Hi2/ #v "jGuS UJyeVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X k3
kXe 6BiiBM; T`K2i2` 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 ai2HH+vMBM +H+m@
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i2/ #v "jGuS UJyeVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X kN
kXd 6BiiBM; T`K2i2` 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 J*Pb +H+mHi2/
#v "jGuS UJyeVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jy
kX3 6BiiBM; T`K2i2` 7Q` #QM/ M;H2 `QmM/ hR*m Q7 xm`BM +H+mHi2/ #v
"jGuS UJyeVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jR
kXN 6BiiBM; T`K2i2` 7Q` #QM/ M;H2 `QmM/ hR*m Q7 SHbiQ+vMBM +H+mHi2/
#v "jGuS UJyeVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jk
kXRy 6BiiBM; T`K2i2` 7Q` #QM/ M;H2 `QmM/ hR*m Q7 ai2HH+vMBM +H+mHi2/
#v "jGuS UJyeVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jj
kXRR 6BiiBM; T`K2i2` 7Q` #QM/ M;H2 `QmM/ hR*m Q7 J*Pb +H+mHi2/ #v
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H- 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9X9 h?2 +H+mH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9X8 h?2 iQKB+ T`iBH +?`;2 Q7 72``2/QtBM U/`2MQ/QtBMVX h?2 iQK MmK#2`
`272` iQ 6B;m`2 9XR X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8N
XR h?2 T`K2i2`b Q7 bi22`2/ KQH2+mH` /vMKB+b bBKmHiBQM X X X X X X X X X ee
"XR h?2 #bQHmi2 `2/Qt TQi2MiBH Q7 B`QM@bmH7m` +Hmbi2` BM 72``2/QtBM U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RXR AMi`Q/m+iBQM iQ h?2 h?2bBb
h?Bb /Q+iQ`H i?2bBb Bb  bmKK`v Q7 Kv `2b2`+? BMi2`2bi BM i?2Q`2iB+H bim/B2b QM
2H2+i`QMB+ T`QT2`iB2b- BM T`iB+mH` `2/Qt TQi2MiBH- Q7 K2iHHQT`Qi2BM- BX2X +QTT2` T`Qi2BM
M/ B`QM@bmH7m` T`Qi2BMX b 7Q` i?2 +QTT2` T`Qi2BM- A BMp2biB;i2/ i?2 2H2+i`QMB+ bi`m+im`2
M/ T`QT2`iB2b Q7 ivT2 A +QTT2` +2Mi2` BM +QTT2` T`Qi2BM M/ i?2 +QMi`B#miBQM Q7 tBH
HB;M/ iQ `2/Qt TQi2MiBH Q7 ivT2 A +QTT2` +2Mi2`X b 7Q` i?2 B`QM@bmH7m` T`Qi2BM- A
BMp2biB;i2/ i?2 `2/Qt T`QT2`iB2b M/ TKa Q7 B`QM@bmH7m` +Hmbi2` BM i?2 T`Qi2BM rBi?
`2bT2+i iQ TQbbB#H2 bTBM bi`m+im`2 Q7 +QmTH2/ B`QMbX h?2 QmiHBM2 Q7 Kv `2b2`+? bim/B2b
i :`/mi2 a+?QQH Q7 Lim`H a+B2M+2 M/ h2+?MQHQ;v 7`QK P+iQ#2` kyR8 iQ CmM2 kyR3
+M #2 T`2b2Mi2/ BM i?2 7QHHQrBM; bi2Tb,
h?2 1H2+i`QMB+H ai`m+im`2 M/ S`QT2`iB2b Q7 hvT2 R *QTT2` *2Mi2`
q2 ?p2 BMp2biB;i2/ i?2 2H2+i`QMB+ bi`m+im`2 M/ T`QT2`iB2b Q7 ivT2 R +QTT2` +2Mi2` BM
b2p2`H +QTT2` T`Qi2BMb- BX2X SHbiQ+vMBM- xm`BM- ai2HH+vMBM- M/ JmHiB+QTT2` Pt@
B/b2b UJ*PbVX a2p2`H T`QT2`iB2b- bm+? b KQH2+mH` Q`#BiH- iQKB+ T`iBH +?`;2-
iQKB+ T`iBH bTBM- #QM/ +QMbiMi- 2i+X r2`2 +H+mHi2/ #v mbBM; irQ ivTB+H /2MbBiv
7mM+iBQMH i?2Q`v U.6hV 7mM+iBQMHb- BX2X "jGuS M/ JyeX q2 /Bb+mbb2/ i?2 /2T2M@
/2M+2 Q7 i?Qb2 T`QT2`iB2b iQ .6h 7mM+iBQMH- 2bT2+BHHv BM `2HiBQM iQ +QTT2`@tBH HB;M/
BMi2`+iBQMX
AbKM Em`MBrM- hF?B`Q JibmB- aiQb?B LF;r- ExmiQKQ- Er;m+?B- >B/2KB
L;QX h?2Q`2iB+H bim/B2b QM bbQ+BiBQMf/BbbQ+BiBQM T`Q+2bb Q7 THbiQ+vMBM M/ +v@
iQ+?`QK2 7 BM T?QiQbvMi?2bBbX CQm`MH Q7 S?vbB+b, *QM72`2M+2 a2`B2b- kyR3 U++2Ti2/V
R
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AbKM Em`MBrM- ExmiQKQ Er;m+?B- EBKBFxm am;BKQ`B- hF2b?B aFm`B- >B/2KB
L;QX h?2Q`2iB+H aim/v Q7 i?2 1H2+i`QMB+ ai`m+im`2 Q7 hvT2 A *QTT2` *2Mi2` BM *QTT2`
S`Qi2BMbX a+B2M+2 _2TQ`i Q7 EMxr lMBp2`bBiv- kyR3 UBM T`2T`iBQMV
ZmMimK *?2KB+H aim/v Q7 i?2 tBH GB;M/ 1z2+i QM i?2 1H2+i`QMB+
S`QT2`iB2b Q7 hvT2 A *QTT2` S`Qi2BM
q2 ?p2 BMp2biB;i2/ i?2 2z2+i Q7 i?2 tBH HB;M/ QM i?2 2H2+i`QMB+ T`QT2`iB2b Q7 ivT2
A +QTT2` T`Qi2BMX a2p2`H .6h 7mM+iBQMH r2`2 miBHBx2/- BM+Hm/BM; Tm`2 ;2M2`HBx2/ ;`@
/B2Mi TT`QtBKiBQM- ?v#`B/ .6h- M/ HQM;@`M;2 +Q``2+i2/ .6hX q2 /Bb+mbb2/ i?2
+QMi`B#miBQM Q7 i?2 tBH HB;M/ iQ b2p2`H T`QT2`iB2b- BX2X #QM/ +QMbiMi- `2/Qt TQi2MiBH
M/ KtBKmK #bQ`TiBQM rp2H2M;i?- Q7 ivT2 A +QTT2` T`Qi2BM- q2 HbQ /Bb+mbb2/ i?2
+QMi`B#miBQM Q7 HQM;@`M;2 +Q``2+iBQM b+?2K2 M/ ?v#`B/ b+?2K2 Q7 .6h iQ BKT`Qp2 i?2
+H+mHiBQM ++m`+vX
AbKM Em`MBrM- ExmiQKQ Er;m+?B- EBKBFxm am;BKQ`B- hF2b?B aFm`B- M/
>B/2KB L;QX ZmMimK *?2KB+H aim/v Q7 i?2 tBH GB;M/ 1z2+i QM i?2 1H2+i`QMB+
S`QT2`iB2b Q7 hvT2 A *QTT2` S`Qi2BMX *?2KBbi`v G2ii2`b- kyR3 U++2Ti2/V
h?2Q`2iB+H aim/v QM i?2 *QMi`B#miBQM Q7 aTBM ai`m+im`2 iQ _2/Qt SQ@
i2MiBH Q7 (k62@ka) *Q`2 *Hmbi2` 7`QK A`QM@amH7m` S`Qi2BMb
q2 ?p2 BMp2biB;i2/ i?2 +QMi`B#miBQM Q7 TQbbB#H2 bTBM bi`m+im`2 Q7 +QmTH2/ B`QM iQKb iQ
`2/Qt TQi2MiBH M/ TKa Q7 B`QM@bmH7m` T`Qi2BMX h?2 T`QT2`iB2b r2`2 +H+mHi2/ #v mbBM;
irQ ivTB+H .6h 7mM+iBQMHb- BX2X "jGuS M/ JyeX hQ ?M/H2 i?2 bTBM bii2 Q7 +QmTH2
B`QMb- r2 miBHBx2/ b2p2`H bTBM TT`QtBKiBQMb- BX2X ?B;? bTBM- HQr bTBM- TT`QtBKi2/
bTBM T`QD2+i2/- M/ C bTBM +QmTHBM;X q2 /Bb+mbb2/ i?2 +QMi`B#miBQM Q7 .6h 7mM+iBQMH-
#bBb b2i- M/ bTBM TT`QtBKiBQM iQ i?2 ++m`+v Q7 +H+mHiBQMX
AbKM Em`MBrM- ExmiQKQ Er;m+?B- JBibmQ a?QDB- hQ`m JibmB- ubmi2`m a?B;2i-
M/ >B/2KB L;QX  h?2Q`2iB+H aim/v QM _2/Qt SQi2MiBH M/ TE Q7 (k62@ka) *Hmb@
i2` JQ/2H 7`QK A`QM@amH7m` S`Qi2BMbX "mHH2iBM Q7 i?2 *?2KB+H aQ+B2iv Q7 CTM- kyR3
U++2Ti2/V
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RXk AMi`Q/m+iBQM iQ *QTT2` S`Qi2BM
*QTT2` T`Qi2BM Bb  K2iHHQT`Qi2BM +QMiBMBM; QM2 Q` KQ`2 +QTT2` BQMb BM i?2B` +iBp2
bBi2b- M/ +M #2 BbQHi2/ 7`QK MBKH- THMi- 7mM;H- M/ #+i2`BH bQm`+2bX(9) h?Bb
T`Qi2BMb BMpQHp2 BM `2/m+iBQM@QtB/iBQM `2+iBQMb b QtB/Q`2/m+ib2 T`Qi2BMb Q` 2H2+i`QM
+``B2` T`Qi2BMb- M/ HbQ iF2  T`i BM Qtv;2M i`MbTQ`i T`Q+2bb2bX *QTT2` T`Qi2BM
+M #2 +HbbB}2/ BMiQ i?`22 ;`QmTb ++Q`/BM; iQ i?2B` T`QT2`iB2b mM/2` bT2+i`Qb+QTB+ M/
K;M2iB+ K2bm`2K2Mi- BX2X ivT2 R +QTT2` UhR*mV- ivT2 k +QTT2` Uhk*mV- M/ ivT2
j +QTT2` Uhj*mVX hR*m T`2b2Mi  bi`QM; #bQ`TiBQM i `QmM/ eyy MK M/ M``Qr
?vT2`}M2 bTHBiiBM; BM i?2 2H2+i`QMB+ T`K;M2iB+ `2bQMM+2 U1S_V bT2+i`mKX hk*m
/Q2b MQi T`Q/m+2 BMi2Mb2 #bQ`TiBQM i eyy@dyy MK M/ HbQ T`2b2Mi ?vT2`}M2 bTHBiiBM;
Q7 1S_ bT2+i`mK BM MQ`KH K;MBim/2X .Bz2`2Mi rBi? hR*m M/ hk*m- hj*m +M MQi
#2 /2i2+i2/ #v 1S_ bT2+i`mK /m2 iQ bi`QM; MiB72``QK;M2iB+ BMi2`+iBQMX
*QTT2` T`Qi2BM +QMiBMBM;  hR*m QMHv Bb +HH2/ +mT`2/QtBM Q` #Hm2 +QTT2` T`Qi2BMX
h?2`2 `2 b2p2`H #Hm2 +QTT2` T`Qi2BMb bm+? b xm`BM- SHbiQ+vMBM- ai2HH+vMBM- 2i+X
h?Bb T`Qi2BMb ?p2 mMmbmHHv ?B;? `2/m+iBQM TQi2MiBH M/ iF2  T`i BM p`BQmb 2H2+i`QM
i`Mb72` T`Q+2bb2bX(8Ĝd) 6Q` 2tKTH2- xm`BM iF2b  `QH2 BM KmHiB@bi2T /2MBi`B}+iBQM T`Q@
+2bb2b BM bQK2 #+i2`Bb #v i`Mb72``BM; M 2H2+i`QM iQ ?2K2@+QMiBMBM; MBi`Bi2 `2/m+ib2
M/ +viQ+?`QK2 +88RX(3) J2Mr?BH2- /m`BM; T?QiQbvMi?2bBb T`Q+2bb2b Q7 THMi M/ H;2-
SHbiQ+vMBM ?b  `QH2 b 2H2+i`QM +``B2` #2ir22M +viQ+?`QK2 7 M/ SdyyYX SHbiQ@
+vMBM Bb HbQ BMpQHp2/ BM 2H2+i`QM i`Mb72` T`Q+2bb 7`QK +viQ+?`QK2 7 UT?QiQbvbi2K AAV
iQ +?HQ`QT?vHH UT?QiQbvbi2K AVX AM hR*m Q7 #Hm2 +QTT2` T`Qi2BM- i?2 +QTT2` BQM U*mV
Bb +QQ`/BMi2/ iQ i?`22 HB;M/b BM i`B;QMH THM2- BX2X irQ ?BbiB/BM2b U>BbV- QM2 +vbi2BM2
U*vbV- M/ M tBH HB;M/ i  HQM;2` /BbiM+2X J2i?BQMBM2 UJ2iV `2bB/m2 Bb mbmHHv
#QmM/ iQ i?2 +QTT2` b tBH HB;M/ BM KMv #Hm2 +QTT2` T`Qi2BM- 2t+2Ti 7Q` ai2HH@
+vMBM M/ `2Hi2/ T`Qi2BMbX AM i?Qb2 T`Qi2BMb- i?2 +QTT2` BQM +QQ`/BMi2/ iQ ;HmiKBM2
U:HMV b tBH HB;M/- BMbi2/ Q7 K2i?BQMBM2X b 7Q` xm`BM- i?2 tBH HB;M/ 7QmM/ BM
hR** Bb MQi QMHv K2i?BQMBM2- #mi HbQ ;Hv+BM2 U:HvV `2bB/m2 b //BiBQMH tBH HB;M/ iQ
;2M2`i2  }p2@+QQ`/BMi2 bBi2X PM2 Q7 >Bb- *vb M/ J2i HB;M/b +QK2 7`QK *@i2`KBMH
HQQT Q7 i?2 T`Qi2BM- r?BH2 i?2 Qi?2` >Bb HB;M/ HQ+i2/ BM β@b?22i #+F#QM2X(d- NĜRR) h?2
b2+QM/`v bi`m+im`2 Q7 #Hm2 +QTT2` T`Qi2BM Bb T`2b2Mi2/ BM 6B;m`2 RXRX
h?2 2tBbi2M+2 Q7 bmH7m` iQKb Q7 +vbi2BM2 HB;M/ BM hR** ?p2 #22M `2p2H2/ #v s@
`v T?QiQ2H2+i`QM 2tT2`BK2Mib(Rk)- r?BH2 i?2 T`2b2M+2 Q7 irQ ?BbiB/BM2 HB;M/b ?p2 #22M
mMp2BH2/ #v `2+2Mi Mm+H2` K;M2iB+ `2bQMM+2 ULJ_V bim/vX(Rj) AM hR*m Q7 #Hm2 +QTT2`
T`Qi2BM-  ?B;?Hv +QpH2Mi π #QM/ rb 7Q`K2/ #2ir22M *m M/ *vb r?2`2 p Q`#BiH
7`QK bmH7m` iQK Qp2`HT rBi? d Q`#BiH Q7 *mX(R9) _2;`/BM; i?2 bim/v Q7 +QTT2`UAAV
bm#biBimiBQM #v +Q#HiUAAV BM b2p2`H #Hm2 T`Qi2BMb- i?2 ?B;? BMi2Mb2 eyy MK #bQ`TiBQM
Q7 hR*m Bb Q`B;BMi2/ 7`QK HB;M/@iQ@K2iH +?`;2@i`Mb72` UGJ*hV i`MbBiBQM #2ir22M
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6B;m`2 RXR, h?2 b2+QM/`v bi`m+im`2 Q7 xm`BM T`Qi2BM US." A., 9wl(R)V r?2`2 :Hv
HB;M/ Bb M2;H2+i2/X
6B;m`2 RXk, "HH M/ biB+F bi`m+im`2 Q7 hR*m BM xm`BM T`Qi2BMX
+QTT2`UAAV M/ bmH7m` iQK Q7 +vbi2BM2X(R8ĜRd) h?2 bim/v #v _2bQMM+2 _KM bT2+i`
TQBMi Qmib i?2 +QmTHBM; Q7 GJ*h 2t+BiiBQM rBi? pB#`iBQMH KQiBQMb `QmM/ i?2 +iBp2
bBi2 BM i?2 `2;BQM Q7 j8y@98y +K−2X(R3- RN)
J2Mr?BH2- i?2 2tBbi2M+2 Q7 hR*m MQi QMHv 7QmM/ BM #Hm2 +QTT2` T`Qi2BM- #mi HbQ BM
JmHiB+QTT2` PtB/b2b UJ*PbVX ++Q`/BM; iQ bT2+i`Qb+QTB+ +?`+i2`BxiBQM- J*Pb
+QMiBMBM; HH ivT2 Q7 +QTT2` +2Mi2`- BX2X hR*m- hk*m- M/ hj*mX b 7QmM/ BM Qi?2`
+QTT2` T`Qi2BM- hR*m BM J*Pb Bb +QKT`Bb2/ Q7 *m +QQ`/BMi2/ iQ QM2 *vb M/ irQ >Bb
`2bB/m2b BM i`B;QMH THM2- M/ +QQ`/BMi2/ iQ J2i b tBH HB;M/X  bi`QM; #bQ`TiBQM
`QmM/ eyy MK Bb HbQ Q#b2`p2/ 7`QK i?Bb +QTT2` +2Mi2` i?i `Bb2b 7`QK *m iQ *vb
+?`;2@i`Mb72` 2t+BiiBQM- M/ H2/ iQ i?2 BMi2Mb2 #Hm2 +QHQ`X hR*m BM J*Pb HQ+i2/ i
*?Ti2` PM2 8
6B;m`2 RXj, h?2 b2+QM/`v bi`m+im`2 Q7 JmHiB+QTT2` PtB/b2 T`Qi2BM US." A.,
9L1_(k)V
i?2 bm#bi`i2 #BM/BM; bBi2 M/ +M BMi2`+i rBi? Qi?2` bm#bi`i2b b 2H2+i`QM ++2TiQ`X
lMHBF2 hR*m- hk*m M/ hj*m BM J*Pb HQ+i2/ i  bK2 bBi2 M/ i?2 +QK#BMiBQM Q7
#Qi? +QTT2` +2Mi2` Bb FMQrM b i`B@Mm+H2` +QTT2` UhL*V +2Mi2`X(ky) hk*m HQ+i2/ i
QM2 bB/2 Q7 hL* +2Mi2` M/ #QmM/ iQ irQ >Bb `2bB/m2b M/  ri2` KQH2+mH2X h?Bb +QTT2`
+2Mi2` Bb /2TB+i2/ #v  ivTB+H 1S_ bB;MH- #mi MQi /2i2+i#H2 BM i?2 lo m pBbB#H2 `2;BQMX
J2Mr?BH2- 2+? hj*m BQM #QmM/ iQ i?`22 >Bb HB;M/b M/ HbQ #QmM/ iQ  ?v/`QtB/2
KQH2+mH2 b #`B/;BM; iQKX  +QmTH2/ TB` Q7 i?Bb +QTT2` +2Mi2` H2/ iQ MiB72``QK;M2iB+
bii2 i?i +?`+i2`Bx2/ #v jjy MK #bQ`TiBQM #M/- r?B+? `BbBM; 7`QK  +?`;2@i`Mb72`
i`MbBiBQM #2ir22M *m M/ ?v/`QtB/2 BQMX(kR) h?2 /BbiM+2 #2ir22M hR*m bBi2 M/ hL*
bBi2 Bb 7QmM/ `QmM/ Rj M/ HBMF2/ #v  >Bb@*vb@>Bb T2TiB/2 +?BMX h?Bb HBMF Bb FMQrM
b i?2 Ti?rv Q7 2H2+i`QM@i`Mb72` T`Q+2bb #2ir22M i?Qb2 bBi2bX h?2 b2+QM/`v bi`m+im`2
Q7 J*Pb Bb T`2b2Mi2/ BM 6B;m`2 RXjX
.2T2M/BM; mTQM i?2 bm#bi`i2 bT2+B}+Biv- J*Pb +M #2 +HbbB}2/ BMiQ irQ +Hbb2bX h?2
}`bi +Hbb QtB/Bx2 Q`;MB+ bm#bi`i2 M/ i`MbBiBQM K2iH BQMb- 2X;X G++b2- b+Q`#i2
PtB/b2-(kk- kj)- r?BH2 MQi?2` +Hbb QMHv QtB/Bx2 i`MbBiBQM K2iH BQMb- 2X;X 62ijT-
*2`mHQTHbKBM- *m2PX(k9- k8) h?2 +iHvbBb T`Q+2bb2b BM #Qi? +Hbb2b Q++m``2/ #v M
Qmi2`@bT?2`2 2H2+i`QM i`Mb72` K2+?MBbK- r?2`2BM +?2KB+H #`B/;2 #2ir22M bm#bi`i2
M/ 2MxvK2 /Q MQi M2+2bb`v iQ #2 2bi#HBb?2/X(ke) J*Pb miBHBx2 7Qm` 2H2+i`QMb Q#iBM
7`QK QM2@2H2+i`QM QtB/iBQMb Q7  bm#bi`i2 iQ `2/m+2 /BQtv;2M KQH2+mH2 iQ ri2` #v
*?Ti2` PM2 e
`2/m+iBp2 +H2p;2 Q7 P@P #QM/BM; b 7QHHQrb(ky)
P2 + 42− + 4>+
4*m2+−−−−→ 2>2P
AM i?Bb `2/Qt T`Q+2bb- hR*m +2Mi2` iF2b  `QH2 BM +i+?BM; 2H2+i`QMb 7`QK Qi?2` bm#@
bi`i2 M/ i`Mb72` i?2 2H2+i`QM iQ hL* +2Mi2`- r?BH2 hL* +2Mi2` rBHH mb2 i?2 2H2+i`QMb
iQ `2/m+2 /BQtv;2M KQH2+mH2 iQ ri2`X(kd) ++Q`/BM; iQ i?2 `2+iBQM K2+?MBbK i?i
Bb T`2b2MiHv ++2Ti2/- i?2 `2+iBQM #2;BM #v i?2 QtB/iBQM Q7 bm#bi`i2 #v hR*m M/
7QHHQr2/ #v 2H2+i`QM i`Mb72` T`Q+2bb 7`QK hR*m iQ hL* bBi2- r?2`2 i?2 `2/m+iBQM Q7
Qtv;2M iF2b TH+2X(ky) h?2 `2/m+iBQM Q7 *mUAAV BQM iQ *mUAV BM hR*m +mb2b  KBMBKH
+?M;2 Q7 T`Qi2BM bi`m+im`2 M/ `2bmHiBM;  HQr +iBpiBQM 2M2`;v M/ i?mb  7bi 2H2+i`QM
i`Mb72`X(k3)
RXj AMi`Q/m+iBQM iQ A`QM@amH7m` S`Qi2BM
A`QM@bmH7m` T`Qi2BMb `2 HKQbi i?2 QH/2bi K2iHHQT`Qi2BMb i?i 2tBbi2/ QM i?2 2`i?X
h?2v `2 7QmM/ BM KMv FBM/b Q7 HBpBM; Q`;MBbKb M/ iF2  `QH2 BM  p`B2iv #BQHQ;B+H
T`Q+2bb2b bm+? b T?QiQbvMi?2bBb M/ `2bTB`iBQMX A`QM@bmH7m` T`Qi2BMb ?p2  rB/2 `M;2
Q7 `2/Qt TQi2MiBH M/ HHQr i?2K iQ BMi2`+i rBi? KMv FBM/b Q7 bm#bi`i2b #v +iBM;
b 2H2+i`QM +``B2`bX(kN- jy) AM RNey- i?Bb T`Qi2BMb r2`2 /Bb+Qp2`2/ `2;`/BM; QM i?2B`
mMB[m2 g = 1.9 Q7 2H2+i`QM T`K;M2iB+ `2bQMM+2 U1S_V bB;MH- r?B+? Bb MQi Q#b2`p2/
BM i?2 K2bm`2K2Mi Q7 Qi?2` K2iHHQT`Qi2BMbX(jRĜjj) .2bTBi2 i?2B` 7mM+iBQM b 2H2+i`QM
+``B2`b- B`QM@bmH7m` +Hmbi2`b `2 HbQ BMpQHp2/ BM b2p2`H T`Q+2bb2b bm+? b `2/m+iBQM
Q7 /BbmH}/2 #QM/b M/ BMBiBiBQM Q` bi#BHBxiBQM Q7 `/B+H +?BM `2+iBQMb-(j9) Q` +i
b G2rBb +B/bX(j8) 6m`i?2`KQ`2- B`QM@bmH7m` +Hmbi2`b +M HbQ bi#BHBx2 i?2 bi`m+im`2 Q7
T`Qi2BM(j9- je) M/ mb2/ iQ biQ`2 bmH7m` Q` B`QM iQKbX(je- jd)
A`QM@bmH7m` T`Qi2BMb +QMiBM  +Q`2 bi`m+im`2 Q` +Hmbi2` i?i Bb +QKTQb2/ #v B`QM iQKb
#QmM/ iQ bmH}/2 BQM- i?2 bQ@+HH2/ +B/@ bmH7m`X h?Bb +Hmbi2` +QMM2+ib iQ i?2 +?BM Q7
TQHvT2TiB/2 i?`Qm;? i?BQHi2 bB/2 +?BM Q7 +vbi2BM2 `2bB/m2bX A`QM@bmH7m` +Hmbi2`b `2
+HbbB}2/ rBi? `2bT2+i iQ i?2 MmK#2` Q7 B`QM M/ bmH7m` iQKb 7QmM/ BM i?2 +Hmbi2`X(j3)
"2bB/2b- i?2 +Hmbi2`b `2 HbQ +HbbB}2/ QM i?2 #bBb Q7 T`Qi2BM ivT2- bm+? b bi`m+im`H
KQiB7b M/ bT2+i`Qb+QTB+ M/ 2H2+i`Q+?2KB+H T`QT2`iB2bX ++Q`/BM; iQ i?Bb +HbbB}+iBQM-
B`QM@bmH7m` T`Qi2BMb `2 /BpB/2/ BMiQ b2p2`H KDQ` ;`QmTb- BX2X `m#`2/QtBM U(R62@9a)V-
72``2/QtBMb U(k62@ka)- (962@9a)- (j62@9a)- (j62@9a)(962@9a)- M/ (962@9a)(962@9a)V- _B2bF2
T`Qi2BMb U(k62@ka)V- M/ ?B;?@TQi2MiBH B`QM@bmH7m` T`Qi2BMb U>BSASb- (962@9a)VX .2bTBi2
i?2 bi`m+im`2 /Bz2`2M+2 Q7 B`QM@bmH7m` T`Qi2BMb- i?2 +Hmbi2` ;2QK2i`B2b `2 7QmM/ iQ #2
[mBi2 bBKBH` #2ir22M 2+? Qi?2`b- 2bT2+BHHv rBi?BM i?2 +Hmbi2` +HbbX h?2 +Hmbi2` T`2b2Mib
 /BbiQ`i2/ i2i`?2/`H ;2QK2i`v BM HH B`QM@bmH7m` T`Qi2BMbX
*?Ti2` PM2 d
62``2/QtBM Bb QM2 Q7 bm#@+Hbb Q7 B`QM@bmH7m` T`Qi2BM i?i `272` iQ  rB/2 `M;2 Q7 bKHH- HQr
KQH` Kbb B`QM bmH7m` T`Qi2BMX h?Bb T`Qi2BM BMpQHp2b BM b2p2`H #BQHQ;B+H T`Q+2bb2b M/
iF2b  `QH2 b 2H2+i`QM +``B2`b BM /Bz2`2Mi #BQHQ;B+H Ti?rvb BM+Hm/BM; T?QiQbvMi?2bBb
M/ `2bTB`iBQMX(jN) 62``2/QtBM Bb ?B;?Hv +B/B+ T`Qi2BM i?i +QMiBM B`QM M/ BMQ`;MB+
Q` +B/@H#BH2 bmH7m`bX(jN) h?2 +Hmbi2` Q7 i?Bb T`Qi2BM Bb 7QmM/ iQ T`2b2Mi bTBM@+QmTH2/
bi`m+im`2X(9y) AM i?2 QtB/Bx2/ bii2- B`QM@bmH7m` +Hmbi2` BM 72``2/QtBM +QMiBMb irQ 72``B+
BQMb #QmM/ iQ bmH7m` HB;M/ BM HKQbi i2i`?2/`H bi`m+im`2- r?B+? i?2 72``B+ BQMb `2
7QmM/ BM ?B;? bTBM M/ }p2 mMTB`2/ /@2H2+i`QMbX
h?2 QTiB+H T`QT2`iB2b Q7 B`QM@bmH7m` +Hmbi2` `2 +QM}`K2/ #v i?2 Jƺbb#m2` MHvbBb M/
1S_ bT2+i`X  #`Q/ #bQ`TiBQM #M/b `2 Q#b2`p2/ BM pBbB#H2 `2;BQM 7Q` K2bm`2K2Mi
Q7 72``2/QtBM BM QtB/Bx2/ bii2- r?B+? BM/B+i2  +?`;2@i`Mb72` i`MbBiBQMb 7`QK #Qi?
bmH}/2 BQMb M/ i?BQHi2 HB;M/b iQ 72``B+ BQMbX b 7Q` BM7``2/ MHvbBb- i?2`2 `2 bQK2
r2F2` #bQ`TiBQMb #M/b Q#b2`p2/ BM i?2 `2;BQM #2ir22M dyy M/ Rkyy MK i?i `Bb2
7`QK d − d i`MbBiBQMb Q7 ?B;? bTBM 72``B+ BQMbX AM #Qi? QtB/Bx2/ M/ `2/m+2/ bii2-
72``2/QtBM 2t?B#Bib p2`v BMi2Mb2 Mim`H +B`+mH` /B+?`QBbK U*.V BM i?2 pBbB#H2 `2;BQM-
r?B+? T`2b2Mi i?2 /BbiBM+iBp2 72im`2 Q7 irQ B`QM T`Qi2BMbX(9R)
62``2/QtBM ?b  HQr `2/Qt TQi2MiBH rBi? i?2 p2`;2 Q7 @9yy Ko M/ +Qp2`  `M;2 Q7
3yy Ko- h?2 pHm2 Q7 `2/Qt TQi2MiBH +Q``2bTQM/ iQ i?2 +Hmbi2` ivT2- >@#QM/BM; M2irQ`F-
T`Qi2BM bi`m+im`2- M/ ri2` bQHm#BHBivX h?2 #`Q/ `M;2 Q7 `2/Qt TQi2MiBH HHQr i?2K
iQ +i b `2/Qt T`iM2`b 7Q`  p`B2iv Q7 bm#bi`i2 BM  MmK#2` Q7 BKTQ`iMi #BQHQ;B+H
`2+iBQMbX ++Q`/BM; iQ *. M/ QTiB+H `QiiQ`v /BbT2`bBQM bim/B2b- i?2 2MpB`QMK2Mi
Q7 TQH` +iBp2 bBi2 `QmM/ i?2 +Hmbi2` BM HH 72``2/QtBMb Bb 7QmM/ iQ #2 p2`v bBKBH`-
r?B+? Bb +Q``2bTQM/ iQ HB;M/ +?`;2 i`Mb72` M/ bBKBH` 2H2+i`QMB+ bi`m+im`2 Q7 i?2
B`QM +2Mi2`X(9k) 6m`i?2`KQ`2- 72``2/QtBMb `2 +HbbB}2/ QM i?2 #bBb Q7 i?2 MmK#2` Q7
B`QM iQK +QMiBM BM i?2 +Hmbi2`- BM r?B+? QM2 Q7 i?2 +Hbb Bb (k62@ka) 72``2/QtBMbX h?2
b2+QM/`v bi`m+im`2 Q7 (k62@ka) 72``2/QtBM Bb T`2b2Mi2/ BM 6B;m`2 RX9- r?BH2 (k62@ka)
+Hmbi2` Bb T`2b2Mi2/ BM 6B;m`2 RX8X
h?2 (k62@ka) +Hmbi2` +QMiBM irQ B`QM iQKb +QQ`/BMi2/ iQ irQ BMQ`;MB+ bmH7m`b M/
7Qm` +vbi2BM2 i?BQHi2b 7`QK i?2 T`Qi2BMX h?Bb +Hmbi2` Bb MQi 7mHHv THM` #mi i?2`2 Bb Mv
iBHi BM i?2 THM2 Q7 i?2 }`bi M/ b2+QM/ B`QMbX h?2 +Hmbi2` Q7 (k62@ka) 72``2/QtBM HQ+i2/
+HQb2 iQ i?2 bm`7+2 Q7 T`Qi2BM M/ bm``QmM/2/ #v ?v/`QT?Q#B+ `2bB/m2bX h?2 bm`7+2 Q7
(k62@ka) 72``2/QtBMb Bb FMQrM iQ #2 ?B;?Hv +B/B+- 2t+2Ti i?2 pB+BMBiv Q7 i?2 +Hmbi2`X
*?Ti2` PM2 3
6B;m`2 RX9, h?2 b2+QM/`v bi`m+im`2 Q7 72``2/QtBM T`Qi2BM US."A. RdyVX
6B;m`2 RX8, h?2 B`QM@bmH7m` +Hmbi2` Q#iBM2/ 7`QK 72``2/QtBM T`Qi2BMX
RX9 AMi`Q/m+iBQM iQ .2MbBiv 6mM+iBQMH h?2Q`v
6B7iv v2`b ;Q-  i?2Q`2K ?b #22M T`Qp2/ #v >Q?2M#2`; M/ EQ?M(9j) b  bQHmiBQM Q7
a+?`ƺ/BM;2` 2[miBQMX(99) aBM+2 i?2 Tm#HB+iBQM BM RNke- i?2 a+?`ƺ/BM;2` 2[miBQM ?b
#22M  +?HH2M;2 iQ #2 bQHp2/X hrQ v2`b Hi2`- .B`+ bB/ BM ?Bb TT2` QM i?2 [mMimK
i?2Q`v Q7 i?2 2H2+i`QM,(98)
h?2 mM/2`HvBM; T?vbB+H Hrb M2+2bb`v 7Q` i?2 Ki?2KiB+H i?2Q`v Q7 
H`;2 T`i Q7 T?vbB+b M/ i?2 r?QH2 Q7 +?2KBbi`v `2 i?mb +QKTH2i2Hv FMQrM-
M/ i?2 /B{+mHiv Bb QMHv i?i i?2 2t+i TTHB+iBQM Q7 i?2b2 Hrb H2/b iQ
2[miBQMb Km+? iQQ +QKTHB+i2/ iQ #2 bQHm#H2X
AM bTBi2 Q7 i?Bb bQK2r?i /Bb+Qm`;BM; +QKK2Mi- M 2zQ`i iQ bQHp2 i?2 a+?`ƺ/BM;2`
2[miBQM 7Q` `2H +QM/BiBQM ?b QT2M2/  M2r /Bb+BTHBM2 Q7 +?2KBbi`v- r?B+? Bb +HH2/ #
BMBiBQ i?2Q`vX h?2 `TB/ BM+`2b2 Q7 +QKTmiiBQMH `2bQm`+2 M/ bQ7ir`2 TTHB+iBQMb
*?Ti2` PM2 N
?b 2M+Qm`;2/ i?2 bim/v Q7 KQH2+mH` bvbi2K rBi? 2t+2TiBQMHHv ?B;? ++m`+vX PM2
Q7 KBM ;QHb Q7 [mMimK +?2KBbi`v Bb Q#iBM i?2 +H+mHiBQM `2bmHib rBi? ?B;? ++m`+v
+QKT`2 iQ 2tT2`BK2MiH K2bm`2K2MiX
a+?`ƺ/BM;2` 1[miBQM
h?2 b+?`ƺ/BM;2` 2[miBQM 7Q`  KQH2+mH` bvbi2K rBi? L@2H2+i`QMb M/ J Mm+H2B +M #2
r`Bii2M b
HˆΨ = EΨ URXRV
r?2`2 i?2 >KBHiQMBM QT2`iQ` Hˆ Bb 2tT`2bb2/ b
Hˆ = Vˆ2ti + Tˆ + Vˆ22 URXkV
M/ i?2 rp2 7mM+iBQM Ψ Bb 7Q`KmHi2/ b
Ψ = Ψ(`1, `2, `3, ..., `N ). URXjV




















|_A − `i| . URXeV
AM i?2 2[miBQM RXe- ri M/ RA `2T`2b2Mi 2H2+i`QM +QQ`/BMi2 M/ Mm+H2mb +QQ`/BMi2-
`2bT2+iBp2Hv- M/ ZA `2T`2b2Mi i?2 +?`;2 Q7 Mm+H2mb RAX hQ Q#iBM i?2 2M2`;B2b- 2[miBQM
RXR Bb bQHp2/ 7Q`  b2i Q7 Ψ bm#D2+iX h?2 HQr2bi 2M2`;v- E0- Bb /2}M2/ b i?2 ;`QmM/
bii2 2M2`;v M/ i?2 T`Q##BHBiv /2MbBiv iQ }M/ M 2H2+i`QM rBi? Mv T`iB+mH` b2i Q7
+QQ`/BMi2b Bb bvK#QHBx2/ b |Ψ0|2X










h?2 MQiiBQM Q7 |Ψ| bi`2bb2/ i?2 TQBMi i?i i?2 2M2`;v Bb  7mM+iBQMH Q7 i?2 rp27mM+iBQMX
h?2 +H+mHi2/ 2M2`;v Bb Hrvb ?B;?2` i?M i?i Q7 i?2 ;`QmM/ bii2 mMH2bb Ψ 2[mBpH2Mi
iQ Ψ0X h?Bb i?2Q`2K Bb +HH2/ i?2 p`BiBQMH i?2Q`2K M/ 2tT`2bb2/ b
E|Ψ| ≥ E0 URX3V
hQ Q#iBM i?2 2M2`;v i?i Bb +HQb2 iQ ;`QmM/ bii2 QM2- HH TQbbB#H2 rp27mM+iBQM Bb mb2/
iQ KBMBKBx2 i?2 iQiH 2M2`;vX AMbi2/ Q7 mb2 `M/QK rp27mM+iBQM- M Mbix 7Q` i?2
bi`m+im`2 Q7 Ψ Bb T`QpB/2/ #v >`i`22 6Q+F i?2Q`vX AM i?Bb i?2Q`v- Ψ Bb bbmK2/ b
MiBbvKK2i`B+ T`Q/m+i Q7 Q7 7mM+iBQMb UφV i?i /2T2M/b QM i?2 +QQ`/BMi2 Q7  bBM;H2





r?2`2 Ǵ/2iǴ K2Mb  Ki`Bt /2i2`KBMMiX(9e)
h?2 bm#biBimiBQM Q7 i?Bb Mbix BMiQ Ψ BM a+?`ƺ/BM;2` 2[miBQM `2bmHiBM; >`i`22 6Q+F


























|`i − `j | d`1d`2 URXRyV
h?2 b2+QM/ M/ i?B`/ i2`K `2T`2b2Mi i?2 +HbbB+H *QmHQK# 2M2`;v r`Bii2M BM i2`Kb Q7
i?2 Q`#BiHb M/ i?2 2t+?M;2 2M2`;v- `2bT2+iBp2HvX
h?2 /2i2`KBMiBQM Q7 ;`QmM/ bii2 Q`#BiHb `2 T2`7Q`K2/ #v miBHBxBM; i?2 p`BiBQM
i?2Q`2K iQ i?Bb 2M2`;v 2tT`2bbBQM rBi? i?2 +QMbi`BMi Q7 Q`i?QMQ`KH Q`#BiHb- r?B+?












vx(`, `′)φi(`′)d`′ = εiφi(`) URXRRV
r?2`2 i?2 MQM@HQ+H 2t+?M;2 TQi2MiBH UvxV Bb 2tT`2bb2/ b
∫







h?2 >`i`22@6Q+F 2[miBQMb 2tTHBM MQM@BMi2`+iBM; 2H2+i`QMb i?i Bb z2+i2/ #v  K2M
*?Ti2` PM2 RR
}2H/ TQi2MiBH +QMbBbiBM; Q7 i?2 +HbbB+H *QmHQK# TQi2MiBH M/  MQM@HQ+H 2t+?M;2 TQ@
i2MiBHX 6`QK i?Bb TQBMi- b2p2`H K2i?Q/b ?p2 #22M /2p2HQT2/ iQ TT`QtBKi2 i?2 pHm2
Q7 Ψ M/ E0- r?B+? /B`2+iHv T`QTQ`iBQMH iQ i?2 `2[mB`2/ +QKTmiiBQMH +QbiX JQ`2Qp2`-
iQ Q#iBM M ++m`i2 bQHmiBQMb- i?2 ~2tB#BHBiv Q7 rp27mM+iBQMǶb bTiBH p`BiBQM b?QmH/
#2 HbQ +QMbB/2`2/- 2X;X BM+`2bBM; i?2 #bBb b2iX
.2MbBiv 6mM+iBQMH h?2Q`v
AM RNe9- irQ i?2Q`2Kb ?p2 #22M T`Qp2/ #v >Q?2M#2`; M/ EQ?M M/ H2/ iQ i?2 7mM@








++Q`/BM; iQ 2[miBQM RXk- i?2 2M2`;v 7mM+iBQMH i?i +QMbBbib Q7 i?`22 i2`K- BX2X i?2
FBM2iB+ 2M2`;v- i?2 BMi2`+iBQM rBi? i?2 2ti2`MH TQi2MiBH M/ i?2 2H2+i`QM@2H2+i`QM BM@
i2`+iBQM- +M #2 `2@r`Bii2M b
E[ρ] = T [ρ] + Vext[ρ] + Vee[ρ], URXR9V




EQ?M M/ a?K bm;;2bi2/ M TT`Q+? iQ TT`QtBKi2 i?2 7mM+iBQMH Q7 FBM2iB+ 2M2`;v
M/ 2H2+i`QM@2H2+i`QM BMi2`+iBQMX(9d) h?2v BMi`Q/m+2/ L@MQM@BMi2`+iBM; 2H2+i`QMb bvb@
i2K i?i Bb `2T`2b2Mi2/ #v  bBM;H2 /2i2`KBMMi rp27mM+iBQMX h?2 FBM2iB+ 2M2`;v M/















"v BMi`Q/m+BM; i?2 2t+?M;2@+Q``2HiBQM 7mM+iBQMH- i?2 2M2`;v 7mM+iBQMH +M #2 `2`@
`M;2/ b
E[ρ] = Ts[ρ] + Vext[ρ] + VH [ρ] + Exc[ρ] URXR3V
*?Ti2` PM2 Rk






|`1 − `2| d`1d`2 URXRNV
M/ Exc[ρ] Bb 2t+?M;2@+Q``2HiBQM 7mM+iBQMH i?i Bb 2tT`2bb2/ b
Exc[ρ] = (T [ρ]− Ts[ρ]) + (Vee[ρ]− VH [ρ]). URXkyV
aBKTHv- Exc[ρ] `2T`2b2Mib i?2 ++mKmHiBQM Q7 2``Q` 7`QK i?2 TT`QtBKiBQM Q7  MQM@
BMi2`+iBM; FBM2iB+ 2M2`;v M/ +HbbB+H 2H2+i`QM@2H2+i`QM BMi2`+iBQMX "v TTHvBM; i?2
p`BiBQMH i?2Q`2K U1[miBQM RXRjV iQ i?2 2tTHB+Bi i2`K Q7 2M2`;v 7mM+iBQMH U1[miBQM
RXR3V BM i2`Kb Q7 i?2 /2MbBiv +QMbi`m+i2/ 7`QK MQM@BMi2`+iBM; Q`#BiHb- i?2 Q`#BiHb i?i










φi(`) = εiφi(`). URXkRV
 HQ+H KmHiBTHB+iBp2 TQi2MiBH Bb BMi`Q/m+2/ b i?2 7mM+iBQMH /2`BpiBp2 Q7 i?2 2t+?M;2





h?2 b2i Q7 MQM@HBM2` 2[miBQMb /2b+`B#2 ?Qr MQM@BMi2`+iBM; 2H2+i`QMb #2?p2 mM/2` M
2z2+iBp2 HQ+H TQi2MiBHX 6Q` i?2 2t+i 7mM+iBQMH- i?2 Q`#BiHb rBHH T`Q/m+2 M 2t+i
;`QmM/ bii2 /2MbBiv M/ 2t+i ;`QmM/ bii2 2M2`;v #v TTHvBM; 1[miBQM RXRd M/
RXR3- `2bT2+iBp2HvX h?2 EQ?M@a?K 2[miBQMb b?Qr  bBKBH` 7Q`K rBi? i?2 >`i`22@
6Q+F 2[miBQM U1[miBQM RXRRV r?2`2 i?2 MQM@HQ+H 2t+?M;2 TQi2MiBH Bb bm#biBimi2/ #v
i?2 HQ+H 2t+?M;2@+Q``2HiBQM TQi2MiBHX 6Q` T`+iB+H `2bQMb- i?2 2t+?M;2 +Q``2HiBQM
2M2`;v +M #2 T`iBiBQM2/ BMiQ 2t+?M;2 M/ +Q``2HiBQM 2M2`;v b
Exc[ρ] = Ex[ρ] + Ec[ρ]. URXkjV
GQ+H .2MbBiv TT`QtBKiBQM UG.V 6mM+iBQMHb
h?2 /2p2HQTK2Mi Q7 K2i?Q/ iQ TT`QtBKi2 Exc ?b ++2H2`i2/ i?2 2tTMbBQM Q7 `2@
b2`+? }2H/X aQ 7`- b2p2`H 7mM+iBQMH ?b #22M /2p2HQT2/- r?B+? `2 KQ`2 Q` H2bb bmBi#H2
iQ #2 mb2/ 7Q` Mv bT2+B}+ bim/vX AM Dm/;BM;  +H+mHiBQM `2bmHib-  /B`2+i +QKT`BbQM
rBi? 2tT2`BK2MiH /i Bb `2[mB`2/X >Qr2p2`- Bi Bb BKTQ`iMi iQ mM/2`biM/ i?2 /2`Bp@
iBQM M/ bi`m+im`2 Q7 7mM+iBQMHb r?2M +?QQbBM;  7mM+iBQMH 7Q` +2`iBM bim/vX h?2
2`Hv T?b2 Q7 i?2 /2p2HQTK2Mi Bb i?2 BKTH2K2MiiBQM Q7  7mM+iBQMH iQ QM2 T`iB+mH`
*?Ti2` PM2 Rj
bvbi2K BM r?B+? +HQb2Hv 2t+i `2bmHib +QmH/ #2 Q#iBM2/- BX2X ?QKQ;2M2Qmb 2H2+i`QM ;bX
AM i?Bb bvbi2K- i?2 2H2+i`QMb bmTTQb2 iQ ?p2  +QMbiMi 2ti2`MH TQi2MiBH M/- b i?2
+QMb2[mM+2- i?2 +?`;2 /2MbBiv rBHH #2 +QMbiMiX
AM i?2 2`Hv Q7 RNky- h?QKb M/ 62`KB BMp2biB;i2/ i?2 ?QKQ;2M2Qmb 2H2+i`QM ;bX(93-
9N) h?2v bbmK2/ i?i i?2 Q`#BiHb Q7 i?2 bvbi2K `2 THM2 rp2b #v bvKK2i`vX h?2
iQiH 2M2`;v 7mM+iBQMH +M #2 `2/BHv +H+mHi2/ B7 i?2 2H2+i`QM@2H2+i`QM BMi2`+iBQM Bb
2biBKi2/ b +HbbB+H >`i`22 TQi2MiBH- BM r?B+? i?2 2t+?M;2 M/ +Q``2HiBQM 2z2+ib `2
M2;H2+i2/X(93- 9N) "v TTHvBM; i?2b2 +QM/BiBQMb- i?2 /2T2M/2M+2 Q7 i?2 FBM2iB+ 2M2`;v M/
2t+?M;2 2M2`;v BM 1[miBQM RXRy +M #2 2tT`2bb2/ BM i?2 i2`Kb Q7  HQ+H 7mM+iBQMb Q7
i?2 /2MbBivX AM i?2 ?QKQ;2M2Qmb 2H2+i`QM ;b- i?2 2t+?M;2 2M2`;v +M #2 TT`QtBKi2/
#v mbBM; HQ+H /2MbBiv TT`QtBKiBQM UG.V- r?B+? Bb 2tT`2bb2/ b












rBi? i?2 +Q``2bTQM/BM; 2t+?M;2 TQi2MiBH Bb








 T`K2i2` rs- r?B+? Bb FMQrM b i?2 qB;M2`@a2Bix `/Bmb- Bb Q7i2M mb2/ iQ 2tT`2bb i?2





















r?2`2 εG.xc `2T`2b2Mi i?2 2t+?M;2@+Q``2HiBQM 2M2`;v /Bbi`B#miBQM T2` mMBi pQHmK2X AM
i?Bb 7Q`KmH- i?2 pHm2 Q7 εG.xc QMHv /2T2M/b QM i?2 /2MbBiv i i?2 TQBMi r?2`2 Bi Bb
2biBKi2/X
"bB+HHv-  mMB7Q`K TQbBiBp2 +?`;2 Q7 2[mH /2MbBiv rBi?Qmi 2t+?M;2 2z2+ib Bb M22/2/
#v i?2 B/2H 2H2+i`QM ;b Q7 mMB7Q`K /2MbBivX >2M+2- #v +QMbB/2`BM; i?2 BMi2`+iBQM Q7
i?2 TQbBiBp2 +?`;2 rBi? Bib2H7 M/ rBi? i?2 2H2+i`QM /Bbi`B#miBQM- 1[miBQM RXR3 +M #2
*?Ti2` PM2 R9
`2/m+2/ b
E[ρ] = Ts + Exc[ρ]. URXkNV
"v T2`7Q`KBM;  `M/QK@T?b2 MHvbBb- pQM "`i? M/ >2/BM Up">V ?p2 bm;;2bi2/ 
+Q``2HiBQM 7mM+iBQMH i?i Bb bTBM /2T2M/2MiX(8y) 6Q` i?2 +b2 Q7 bTBM BM/2T2M/2Mi- i?2



















r?2`2 Z = rs/30X 7i2`r`/b- Qi?2` +Q``2HiBQM 7mM+iBQM rb T`QTQb2/ #v oQbFQ- qBHF
M/ LmbB` UoqLVX(8R) h?2 oqL +Q``2HiBQM 7mM+iBQM rb +[mB`2/ #v mbBM; S/û




























r?2`2 i?2 7mM+iBQMb Q7 x- X- M/ Q `2 `2bT2+iBp2Hv 2tT`2bb2/ b
x = r1/2s , X(x) = x
2 + bx+ c, M/ Q = (4c− b2)1/2. URXjkV
h?2 HQ+H +Q``2HiBQM 7mM+iBQMH ?b HbQ #22M T`QTQb2/ #v S2`/2r M/ qM; USqNkV-
r?B+? Bb 7Q`KmHi2/ b(8k)













:2M2`HBx2/ :`/B2Mi TT`QtBKiBQM U::V 6mM+iBQMHb
h?2 BKTH2K2MiiBQM Q7 G. BM  +H+mHiBQM T`Q/m+2 M 2M2`;v i?i Bb MQi b ;QQ/
b i?Qb2 T`Q/m+2 #v +Q``2Hi2/ # BMBiBQ K2i?Q/X h?2 T`Q/m+2/ 2``Q`b r2`2 Q#b2`p2/
/B`2+iHv T`QTQ`iBQMH iQ i?2 bBx2 Q7 i?2 bvbi2KX h?2 HQ+H TT`QtBKiBQM mb2/ BM G.
b22Kb iQ 7BH BM `2T`Q/m+2 i?2 2z2+ib Q7 i?2 +`2iBQM Q` `mTim`2 Q7 +?2KB+H #QM/bX PM2
Q7 i?2 7+iQ` Bb i?2 #2?pBQ` Q7 KQH2+mH2 i?i Bb MQi MHQ;Qmb iQ i?2 bvbi2K rBi? mMB7Q`K
2H2+i`QM ;b /Bbi`B#miBQMX hQ /Dmbi i?2 MQM@mMB7Q`KBiv Q7 i?2 2H2+i`QM /2MbBiv- ;`/B2Mib
i2`K `2 //2/ BMiQ 2t+?M;2 M/ +Q``2HiBQM 7mM+iBQMHbX h?2 //BiBQM Q7 ;`/B2Mib i2`K
Q7 i?2 /2MbBiv BMi`Q/m+2/  MQM@HQ+H Q` b2KBHQ+H 7mM+iBQMHbX
h?2 }`bi TT`QtBKiBQM iQ BM+Hm/2/ i?2 ;`/B2Mi rb MQi biBb}2/ #2+mb2 Bi /B/ MQi
+?B2p2 b2p2`H `2[mB`2K2Mib Q7 i?2 2t+?M;2@+Q``2HiBQM 7mM+iBQMHbX AM/22/- i?2 `2bmHib
Bb rQ`b2 i?M i?i Q7 i?2 HQ+H TT`QtBKiBQMX hQ bQHp2 i?Bb T`Q#H2K- ;2M2`HBx2/ ;`/B2Mi
*?Ti2` PM2 R8




"v mbBM; ::- S2`/2r M/ qM; T`QTQb2/ i?2 2t+?M;2 M/ +Q``2HiBQM 7mM+iBQMH









+ bs4 + cs6
)m
URXj8V





h?2 +Q``2HiBQM 7mM+iBQMH Q7 Sq3e Bb 7Q`KmHi2/ b(8j- 89)
εS3ec = ε
G.





















ρ4/3 , Ax = (3/4)(3/π)
1/3, M/ β = 0.0042. URXjNV
J2Mr?BH2- i?2 +Q``2HiBQM 7mM+iBQMH T`QTQb2/ #v G22- uM; M/ S`` Bb HbQ rB/2Hv





























J2i@:2M2`HBx2/ :`/B2Mi TT`QtBKiBQM 6mM+iBQMHb
hQ BKT`Qp2 i?2 ++m`+v- :: 7mM+iBQMHb ?p2 #22M /2p2HQT2/ #v BMi`Q/m+BM; FBM2iB+
2M2`;v /2MbBiv i2`K BMiQ 2t+?M;2@+Q``2HiBQM 2M2`;v 7Q`KmHX h?Bb M2r TT`QtBKiBQM-
r?B+? Bb +HH2/ K2i@::- vB2H/ M2r 7Q`K Q7 i?2 7mM+iBQMHBiv b
Exc =
∫
ρ(r)εxc(ρ, |∇ρ|,∇2ρ, τ)d` URX9kV
*?Ti2` PM2 Re








h?2 ?v#`B/ 2t+?M;2 7mM+iBQMH T`QTQb2b  /Bz2`2Mi TT`QtBKiBQM BM +H+mHiBM; 2t+?M;2@
+Q``2HiBQM 7mM+iBQMHX h?Bb 7mM+iBQMH +QK#BM2b i?2 pHm2 Q7 >`i`22@6Q+F U>6V 2M2`;v
M/ i?2 `2bmHi Q7 i?2 +H+mHiBQM #v G. UQ` ::V 7mM+iBQMHX *QmTHBM; +QMbiMi UλV
Bb BMi`Q/m+2/ iQ /Dmbi i?2 T`QTQ`iBQM #2ir22M >6 2M2`;v M/ G. UQ` ::V 2M2`;vX
i λ = 0- i?2 MQM@BMi2`+iBM; bvbi2K Bb B/2MiB+H rBi? >`i`22@6Q+F Mbix- r?BH2 i
λ = 1- i?2 bvbi2Kb `2 7mHHv BMi2`+iBM; M/ G. UQ` ::V 7mM+iBQMHb rBHH T`Q/m+2 M
2t+2HH2Mi TT`QtBKiBQMX >2M+2- +Q2{+B2Mib `2 mb2/ iQ /2i2`KBM2 i?2 TQ`iBQM Q7 >6
M/ G.f:: 2M2`;v ;Bp2M #v
Exc ≈ aE>6 + bE::xc URX99V
rBi? i?2 +Q2{+B2Mib `2 2bi#HBb?2/ rBi? `2bT2+i iQ  bvbi2K rBi? FMQrM 2t+i `2bmHiX
h?Bb TT`Q+? ?b #22M /QTi2/ #v "2+F2 iQ /2}M2  M2r 7mM+iBQMH- BM r?B+? i?2
+Q2{+B2Mib `2 /2i2`KBM2/ #v }iiBM; i?2 +H+mHiBQM /i iQ i?2 2tT2`BK2MiH /i Q7
BQMBxiBQM 2M2`;B2b- T`QiQM {MBiB2b- iQKBxiBQM 2M2`;B2b- M/ iQiH iQKB+ 2M2`;B2b






x − EG.x ) + 0.72ΔE"33x + 0.81ΔESqNRc URX98V
>2`2- i?2 7mM+iBQMH Q7 ΔE"33x M/ ESqNRc `2 :: 7mM+iBQMH i?i Bb rB/2Hv mb2/
iQ +Q``2+i i?2 G. 2t+?M;2 M/ +Q``2HiBQM 2M2`;B2b- `2bT2+iBp2HvX(8k- 83) _2+2MiHv-
i?Bb ivT2 Q7 ?v#`B/ 7mM+iBQMHb `2 rB/2Hv mb2/ 7Q` +?2KB+H bvbi2Kb- r?B+? "jGuS
7mM+iBQMH Bb i?2 KQbi TQTmH` QM2X(8e) h?2 ?v#`B/ 2t+?M;2 7mM+iBQMH T`Q/m+2  KQ`2
`2HB#H2 `2bmHib i?M :: 7mM+iBQMH BM i?2 +H+mHiBQM Q7 #BM/BM; 2M2`;B2b- ;2QK2i`B2b-
M/ 7`2[m2M+vX
>v#`B/ J2i@:: 1t+?M;2 6mM+iBQMHb
>v#`B/ K2i@:: 2t+?M;2 7mM+iBQMHb miBHBx2/ K2i@:: 7mM+iBQMH- BMbi2/ Q7 ::
7mM+iBQMH- BM i?2 7Q`KmHiBQM Q7 7mM+iBQMHX Jye Bb QM2 Q7 TQTmH` ?v#`B/ K2i@::
7mM+iBQMH i?i Bb rB/2Hv mb2/ 7Q` 2Bi?2` Q`;MB+ Q` BMQ`;MB+ bvbi2KX h?2 HQ+H T`ib Q7
*?Ti2` hrQ Rd
Q7 Jye 7mM+iBQMH `2Hv QM i?`22 p`B#H2b- BX2X bTBM /2MbBiv UρσV- `2/m+2/ bTBM /2MbBiv



















FS"1Xσ (ρσ,∇ρσ)f(wσ) + εGa.Xσ hX(xσ, zσ)
]
d` URX93V
r?2`2 FS"1Xσ (ρσ,∇ρσ) Bb i?2 i?2 2t+?M;2 2M2`;v /2MbBiv Q7 S"1 2t+?M;2 KQ/2H-(ey)
M/ εGa.Xσ Bb i?2 HQ+H bTBM /2MbBiv TT`QtBKiBQM 7Q` 2t+?M;2 7mM+iBQMHX(9d) b 7Q`
+Q``2HiBQM 7mM+iBQMH- Jye i`2i i?2 QTTQbBi2@bTBM M/ T`HH2H bTBM /Bz2`2MiHvX h?2
QTTQbBi2 bTBM Q7 Jye +Q``2HiBQM 2M2`;v Bb 7Q`KmHi2/ b
Eαβc =
∫
el1:αβ [gαβ(xα, xβ) + hαβ(xαβ , zαβ)]d` URX9NV
r?BH2 7Q` T`HH2H bTBMb Bb
Eσσc =
∫
el1:σσ [gσσ(xσ) + hσσ(xσ, zσ)]Dσd`. URX8yV




















r?2`2 E>6x - E.6hx - M/ E.6hc `2 i?2 MQM@HQ+H >`i`22@6Q+F U>6V 2t+?M;2 2M2`;v- i?2
HQ+H .6h 2t+?M;2 2M2`;v- M/ i?2 HQ+H .6h +Q``2HiBQM 2M2`;v- `2bT2+iBp2HvX
*?Ti2` k
h?2Q`2iB+H aim/v QM i?2
1H2+i`QMB+ ai`m+im`2 Q7 hvT2 R
*QTT2` *2Mi2`
kXR AMi`Q/m+iBQM
*QTT2` T`Qi2BMb THv  7mM/K2MiH `Qi2 BM  rB/2 `M;2 Q7 #BQKQH2+mH` T`Q+2bb2b bm+?
b 2H2+i`QM i`Mb72`- Qtv;2M i`MbTQ`iiBQM- M/ bQ QMX PM2 Q` KQ`2 +QT2` BQMb +M
#2 7QmM/ BM i?2 +iBp2 bBi2 Q7 i?Bb T`Qi2BMX h?2 +QTT2` T`Qi2BM +QMiBMBM; QM2 +QTT2`
BQM Bb +HH2/ ivT2 R +QTT2` UhR*mV T`Qi2BMbX h?2`2 `2 b2p2`H +QTT2` T`Qi2BM +HbbB}2/
b hR*m T`Qi2BM bm+? b xm`BM- SHbiQ+vMBM- ai2HH+vMBM- 2i+X J2Mr?BH2- +QTT2`
T`Qi2BM +M HbQ +QMiBM KQ`2 i?M QM2 +QTT2` BQMb HBF2 7QmM/ BM JmHiB+QTT2` PtB/b2b
UJ*PbVX J*Pb +QMiBM irQ +QTT2` +2Mi2`- BX2X ivT2 A +QTT2` UhR*mV M/ i`B@Mm+H2`
+QTT2` UhL*V- i?i HQ+i2/ i /Bz2`2Mi +iBp2 bBi2bX hR*m Bb +QKTQb2/ #v  +QTT2`
BQM +QQ`/BMi2/ iQ irQ ?BbiB/BM2b M/  +vbi2BM2 BM  i`B;QMH THM` bi`m+im`2- M/ M
tBH HB;M/ bm+? b K2i?BQMBM2 M/ bQ QMX(eRĜej) .m`BM; i?2 `2+iBQM- hR*m ++2Tib
M 2H2+i`QM 7`QK Qi?2` bm#bi`i2b rBi? ?B;?2` `2/Qt TQi2MiBH M/ i`Mb72` i?2 2H2+i`QM
iQ hL*X(Re- e9- e8) AM i?2 2M/ Q7 QM2 +v+H2 `2+iBQM- /BQtv;2M KQH2+mH2b `2 `2/m+2/ iQ
vB2H/ irQ ri2` KQH2+mH2b BM hL*X(kd)
h?2`2 `2 b2p2`H T`QT2`iB2b Q7 hR*m `2Hi2/ iQ 2H2+i`QMB+ bi`m+im`2 M/ `2+iBQM i?i
?p2 #22M BMp2biB;i2/ 2tT2`BK2MiHHv #v KMv ;`QmTbX(kd- eeĜdy) h?2 bi`m+im`2 Q7 hR*m
?b #22M B/2MiB}2/ #v  bi`QM; #bQ`TiBQM i `QmM/ eyy MK M/ M``Qr ?vT2`}M2
bTHBiiBM;b BM i?2 2H2+i`QM T`K;M2iB+ `2bQMM+2 U1S_V bT2+i`Qb+QTvX(kd- ed) _2Hi2/
iQ i?2 FBM2iB+ bT2+i Q7 2H2+i`QM i`Mb72`- >QHr2`/ M/ +QrQ`F2`b ?p2 BMp2biB;i2/
i?2 `i2 Q7 2H2+i`QM i`Mb72` BM hR*m M/ 7QmM/ i?2 /2T2M/2M+2 Q7 i?2 i`Mb72` `i2 iQ
R3
*?Ti2` hrQ RN
T>X(ee) aQHQKQM M/ +Q@rQ`F2`b ?p2 HbQ bim/B2/ i?2 +?`+i2`BbiB+ Q7 `QQK i2KT2`im`2
+B`+mH` /B+?`QBbK M/ K;M2iB+ +B`+mH` /B+?`QBbK bT2+i` Q7 b2p2`H hR*m T`Qi2BMb- bm+?
b ai2HH+vMBM- SHbiQ+vMBM- M/ xm`BMX(ed) 6`QK i?2 +QKT`BbQM Q7 i?2 #bQ`TiBQM
M/ +B`+mH` /B+?`QBbK BMi2MbBiB2b- i?2v 7QmM/ i?i i?2 +?`+i2`BbiB+b Q7 #M/ #bQ`TiBQM
`2T`2b2Mi i`MbBiBQM Q7 2M2`;v H2p2HX
LQi QMHv T`QT2`iB2b Q7 hR*m- b2p2`H T`QT2`iB2b Q7 J*Pb ?p2 #22M HbQ BMp2biB;i2/ #v
KMv ;`QmTbX(k- ky- kj- k8- kd- dRĜ3k) AM /2iBH- aQHQKQM M/ +QrQ`F2`b ?p2 Tm#HBb?2/
 `2pB2r Q7 `2TQ`i2/ T?vbB+H T`QT2`iB2b Q7 J*Pb- bm+? b 1S_ M/ `2/Qt TQi2MiBHX(ky)
h?2 K2+?MBbK Q7 Qtv;2M #BM/BM; 7QHHQr2/ #v  `2/m+iBQM `2+iBQM QM hL* bBi2 ?p2 HbQ
#22M bm;;2bi2/ ++Q`/BM; iQ bT2+i`Qb+QTB+ M/ [mMimK K2+?MB+H bim/vX(ky- dR- d8- 3y)
h?2 BMi2`KQH2+mH` M/ BMi`KQH2+mH` 2H2+i`QM i`Mb72` BM J*Pb ?p2 #22M BMp2biB;i2/
#v _Q#2`ib M/ +QrQ`F2`b #v mbBM; Hb2` ~b? T?QiQHvbBbX(k8) a?H22p M/ +QrQ`F2`b ?p2
HbQ BMp2biB;i2/ i?2 T`Q##BHBiv Q7 /B`2+i 2H2+i`QM i`Mb72` 7`QK 2H2+i`Q/2 iQ J*PbX(dj)
_2Hi2/ iQ i?2 +iBp2 bBi2 bi`m+im`2- m;mbiBM2 M/ +QrQ`F2`b ?p2 BMp2biB;i2/ i?2 +QM@
i`B#miBQM Q7 i?2 bi`m+im`2 BM bmTTQ`iBM; i?2 2{+B2M+v Q7 `2/m+iBQM `2+iBQM QM hL*X(3R)
h?2v 7QmM/ i?i i?2 2{+B2M+v Q7 `2/m+iBQM `2+iBQM +Q``2bTQM/ iQ i?2 bvKK2i`B+H
bi`m+im`2 Q7 hL*X
6`QK i?2 pB2rTQBMi Q7 i?2Q`2iB+H M/ +QKTmiiBQMH bim/v- hR*m ?b ii`+i2/ KMv
BMi2`2bi BM `2HiBQM iQ i?2 2H2+i`QMB+ bi`m+im`2X(d- Re- k3- 3j- 39) aQHQKQM M/ +Q@rQ`F2`b
?p2 BMp2biB;i2/ i?2 BMi2`+iBQM Q7 +QTT2` BQM M/ HB;M/b #v mbBM; [mMimK K2i?Q/X(d-
Re) *Q`MB M/ +Q@rQ`F2`b ?p2 miBHBx2/ /2MbBiv 7mM+iBQMH i?2Q`v U.6hV K2i?Q/ iQ bim/v
i?2 2H2+i`QMB+ T`QT2`iB2b Q7 xm`BMǶb +iBp2 bBi2 M/ i?2B` +QMi`B#miBQM iQ 2H2+i`QM i`Mb72`
`2+iBQMX(39) h?2B` `2bmHib TQBMi Qmi i?i i?2 2M2`;v bT2+i`mKb Q7 xm`BM BM irQ /Bz2`2Mi
QtB/iBQM bii2b Bb /Bz2`2MiX
AM i?2 i2`K Q7 [mMimK +H+mHiBQMb- .6h K2i?Q/b ?p2 #22M 2tTM/2/ BMiQ i?2 +QMbB/@
2`iBQM Q7 HQM;@`M;2 BMi2`+iBQM BM i?2 +H+mHiBQM- bm+? b pM /2` qHb BMi2`+iBQMbX
_2;`/BM; i?2 HQM;@`M;2 BMi2`+iBQM- Jye bmBi2 Q7 .6h ?b T`QTQb2/ #v w?Q M/
h`m?H`X(8N- 38) h?Bb 7mM+iBQMH b?Qrb  #2ii2` T2`7Q`KM+2 +QKT`2 iQ "jGuS /m2
iQ i?2 BKTH2K2MiiBQM Q7 K2i@:: 2t+?M;2 7mM+iBQMHX Jye ?b #22M TTHB2/ BM
KMv +H+mHiBQMb Q7 KQH2+mH` T`QT2`iB2b 7Q` #Qi? Q`;MB+ M/ BMQ`;MB+ KQH2+mH2 rBi?
 T`QKBbBM; `2bmHibX(3eĜ33)
AM i?2 T`2pBQmb bim/v- r2 ?p2 bim/B2/ i?2 2H2+i`QMB+ bi`m+im`2 Q7 xm`BM BM QtB/Bx2/ bii2
M/ ?p2 7QmM/ i?2 /2T2M/2M+2 Q7 i?2 T`iBH +?`;2 M/ T`iBH bTBM QM i?2 /BbiM+2 Q7
K2iH@HB;M/ #QM/X(3N) q2 ?p2 HbQ BMp2biB;i2/ irQ bi#H2 bi`m+im`2 Q7 xm`BM Q#iBM2/
7`QK DmKT KQiBQM BM KQH2+mH` /vMKB+b UJ.V bBKmHiBQMX(Ny) h?2 bQHp2Mi 2z2+ib QM
i?2 2H2+i`QMB+ bi`m+im`2 Q7 xm`BMǶb +iBp2 bBi2 ?p2 HbQ #22M BMp2biB;i2/ #v mbBM;
TQH`Bx#H2 +QMiBMmmK KQ/2H US*JVX(NR) h?Bb bim/v BK iQ BMp2biB;i2 i?2 /2T2M/2M+v
*?Ti2` hrQ ky
Q7 i?2 2H2+i`QMB+ bi`m+im`2 M/ T`QT2`iB2b Q7 hR*m QM .6h 7mM+iBQMHX q2 T`2T`2/
hR*m +Hmbi2` KQ/2H 7`QK b2p2`H hR*m T`Qi2BMb- BX2X xm`BM- SHbiQ+vMBM- ai2HH+vMBM-
M/ J*PbX hrQ ivTB+H .6h 7mM+iBQMHb- BX2X Jye M/ "jGuS- `2 miBHBx2/ rBi? e@
jR:U/V #bBb b2i iQ +H+mHi2 b2p2`H T`QT2`iB2b- bm+? b BQMBxiBQM TQi2MiBH- 2H2+i`QM
{MBiv M/ KtBKmK #bQ`TiBQM rp2H2M;i?X h?2 7Q`+2 }2H/ T`K2i2`b- BX2X #QM/
+QMbiMi M/ M;H2 +QMbiMi- `QmM/ hR*m `2 HbQ T`2b2Mi2/ M/ /Bb+mbb2/X
kXk *QKTmiiBQMH J2i?Q/b
AM i?Bb b2+iBQM- r2 T`2b2Mi i?2 +H+mHiBQM T`Q+2/m`2 Q7 i?2 2H2+i`QMB+ T`QT2`iB2b M/ 7Q`+2
}2H/ T`K2i2`b Q7 hR*mX hR*m +Hmbi2`b `2 T`2T`2/ 7`QK s@`v +`vbiH bi`m+im`2 7QH@
HQr2/ #v QTiBKBxiBQM #v mbBM; [mMimK K2i?Q/X h?2M- i?2 2H2+i`QMB+ T`QT2`iB2b Q7 i?2
QTiBKBx2/ bi`m+im`2b `2 +H+mHi2/X h?2 QTiBKBxiBQM M/ +H+mHiBQM r2`2 T2`7Q`K2/
#v mbBM; :mbbBM yN T+F;2X(Nk)
kXkXR *Hmbi2` JQ/2H 7Q` i?2 hvT2 A *QTT2` *2Mi2`
hR*m +Hmbi2`b rb 2ti`+i2/ 7`QK i?2 b2`B2b Q7 s@`v +`vbiH bi`m+im`2 Q7 +QTT2` T`Qi2BMbX
AM i?2 +b2 Q7 QtB/Bx2/ bii2- i?2 +Hmbi2` Q7 xm`BM- SHbiQ+vMBM- ai2HH+vMBM- M/ J*Pb
r2`2 2ti`+i2/ 7`QK s@`v +`vbiH bi`m+im`2 rBi? S." A. `2 9wl- RSG*- RsN_
M/ 9L1_- `2bT2+iBp2HvX J2Mr?BH2- i?2 +Hmbi2` Q7 xm`BM- SHbiQ+vMBM- ai2HH+vMBM-
M/ J*Pb BM `2/m+2/ bii2 r2`2 2ti`+i2/ 7`QK s@`v +`vbiH bi`m+im`2 rBi? S."
A. `2 R18u- 8S*u- RsNl M/ 91Nh- `2bT2+iBp2HvX AM i?Bb KQ/2H- HH hR*m +Hmbi2`b
+QKTQb2/ #v  +QTT2` BQM +QQ`/BMi2/ iQ irQ ?BbiB/BM2b M/  +vbi2BM2 BM i`B;QMH THM2-
M/  K2i?BQMBM2 b tBH HB;M/- 2t+2Ti 7Q` ai2HH+vMBMX AM ai2HH+vMBM- i?2 +QTT2`
#QmM/ iQ ;HmKiBM2- BMbi2/ Q7 K2i?BQMBM2- i tBH HB;M/ TQbBiBQMX h?2 b+?2KiB+
/B;`K Q7 hR*m KQ/2H +Hmbi2` Bb T`2b2Mi2/ BM 6B;m`2 kXRX h?2 T`2T`iBQM Q7 i?2
bi`m+im`2b Bb }MHBx2/ #v //BM; ?v/`Q;2M iQKb M/ QTiBKBxBM; i?2 ?v/`Q;2Mb TQbBiBQM
rBi? "jGuSfe@jR:U/V K2i?Q/X(3N)
kXkXk 1H2+i`QMB+ S`QT2`iB2b
a2p2`H T`QT2`iB2b Q7 hR*m r2`2 +H+mHi2/ M/ /Bb+mbb2/ BM `2HiBQM iQ .6h 7mM+@
iBQMH /2T2M/2M+vX h?2 +H+mHi2/ T`QT2`iB2b +QMbBbi Q7 KQH2+mH` Q`#BiH- iQKB+ T`iBH
+?`;2b M/ T`iBH bTBM- BQMBxiBQM TQi2MiBH UASV Q7 `2/m+2/ hR*m M/ 2H2+i`QM {MBiv
U1V Q7 QtB/Bx2/ hR*mX iQKB+ T`iBH +?`;2b `2 +H+mHi2/ #v mbBM; J2`x@aBM;?@
EQHHKM b+?2K2X(Nj) AM //BiBQM- r2 HbQ +H+mHi2 KtBKmK #bQ`TiBQM rp2H2M;i? #v
*?Ti2` hrQ kR
6B;m`2 kXR, h?2 b+?2KiB+ /B;`K Q7 hvT2 A +QTT2` KQ/2H +Hmbi2`X
mbBM; iBK2@/2T2M/2Mi .6hX h?2 bQHpiBQM 2z2+i Bb TT`QtBKi2/ #v mbBM; +QM/m+iQ`@HBF2
TQH`Bx#H2 +QMiBMmmK KQ/2H rBi? ε 4 RyX(N9- N8)
kXkXj 6Q`+2 6B2H/ S`K2i2`b
6Q`+2 }2H/b Q7 #QM/ M/ M;H2 `QmM/ hR*m `2 TT`QtBKi2/ #v +H+mHiBM; TQi2MiBH
2M2`;v bm`7+2 US1aV rBi? "jGuS M/ Jye K2i?Q/bX S1a Bb +QMbi`m+i2/ #v +H+mHiBM;
iQiH 2M2`;B2b Q7 hR*m bi`m+im`2 rBi? `2bT2+i iQ p`B2/ #QM/ M/ M;H2X "QM/ /BbiM+2
rb p`B2/ BM i?2 `M;2 Q7 ±0.1³ 7`QK 2[mBHB#`BmK /BbiM+2 rBi? BM+`2K2Mi 0.02³- r?BH2
M;H2 /BbiM+2 rb p`B2/ BM i?2 `M;2 Q7 ±5◦ 7`QK 2[mBHB#`BmK M;H2 rBi? BM+`2K2Mi
1◦X(Ne) h?2 7Q`+2 }2H/b `2 Q#iBM2/ 7`QK }iiBM; MHvbBb Q7 S1a #v mbBM;  ?`KQMB+
TQi2MiBH 7mM+iBQM- r?B+? i?2 TQi2MiBH ;Bp2M #v(3N)
V (r,Kr) = Kr(r − rc)2 UkXRV
V (θ,Kθ) = Kθ(θ − θc)2 UkXkV
r?2`2 Kr M/ Kθ `2T`2b2Mi i?2 #QM/ M/ M;H2 +QMbiMib- `2bT2+iBp2Hv- r?BH2 rc M/ θc
`2T`2b2Mi i?2 2[mBHB#`BmK #QM/ M/ M;H2- `2bT2+iBp2HvX
kXj _2bmHib M/ .Bb+mbbBQM
AM i?Bb b2+iBQM- r2 T`2b2Mi i?2 `2bmHi Q7 i?2 2H2+i`QMB+ bi`m+im`2 M/ T`QT2`iB2b Q7 hR*mX
h?2 +H+mHi2/ T`QT2`iB2b +QMbBbib Q7 iQKB+ T`iBH +?`;2- T`iBH bTBM /2MbBiB2b- BQM@
BxiBQM TQi2MiBH- 2H2+i`QM {MBiv- KtBKmK #bQ`TiBQM rp2H2M;i?- #QM/ M/ M;H2
*?Ti2` hrQ kk
6B;m`2 kXk, aPJP Q`#BiH Q7 hR*m +H+mHi2/ #v mbBM; JyeX
+QMbiMibX q2 /Bb+mbb2/ i?2 /2T2M/2M+v Q7 i?Qb2 T`QT2`iB2b QM .6h 7mM+iBQMHX
kXjXR 1H2+i`QMB+ S`QT2`iB2b
i i?2 }`bi- r2 T`2b2Mi  aPJP Q`#BiH +H+mHi2/ #v mbBM; Jye- b b?QrM BM 6B;m`2
kXkX h?2 b?T2 Q7 aPJP +Q``2bTQM/ iQ dx2−y2 Q`#BiH Q7 i?2 +QTT2` BQM- p Q`#BiHb Q7
i?2 bmH7m` M/ σ Q`#BiH Q7 irQ MBi`Q;2M iQKbX PM i?2 BMi2`+iBQM #2ir22M +QTT2` BQM
M/ HB;M/b- r2 7QmM/ M MiB#QM/BM; Q`#BiH #2ir22M +QTT2` BQM M/  +vbi2BM2 M/ irQ
?BbiB/BM2b BM i`B;QMH THM2X h?2 Q`#BiH Q7 K2i?BQMBM2Ƕb bmH7m` /B/ MQi T`2b2Mi BM aPJP
BM/B+i2 i?i i?2 BMi2`+iBQM #2ir22M +QTT2` M/ K2i?BQMBM2 Bb `2HiBp2Hv r2FX Pm`
+H+mHiBQM T`Q/m+2 aPJP i?i i?2 b?T2 Bb BM ;`22K2Mi rBi? i?2 `272`2M+2X(Re- Ny)
_2;`/BM; bTBM MHvbBb- r2 T`2b2Mi i?2 bm`7+2 Q7 bTBM /2MbBiv +H+mHi2/ #v mbBM; Jye BM
6B;X kXjX h?2 b?T2 Q7 i?2 bm`7+2 Bb 7QmM/ iQ #2 bBKBH` iQ aPJP Q`#BiH b?QrM BM 6B;X
kXk- r?B+? Bb HbQ bBKBH` rBi? Qm` T`2pBQmb `2bmHibX(Ny) h?2 /Bbi`B#miBQM Q7 bTBM /2MbBiv
`QmM/ hR*m Bb `2T`2b2Mi2/ #v iQKB+ T`iBH bTBM T`QpB/2/ BM h#X kXRX q2 7QmM/ i?i
iQKB+ T`iBH bTBM Q7 +QTT2` BQM BM HH hR*m +Hmbi2` Q#iBM2/ 7`QK Jye +H+mHiBQM
Bb bKHH2` i?M i?Qb2 Q#iBM2/ 7`QK "jGuS +H+mHiBQMX h?Bb `2bmHib b?Qr i?i bTBM
/Bbi`B#miBQM +H+mHi2/ #v Jye Bb KQ`2 /2HQ+HBx2/ `QmM/ i?2 +QTT2` BQMX AM `2HiBQM
iQ bBKTH2 >m##`/ KQ/2H- bTBM /Bbi`B#miBQM +QmH/ #2 +Q``2bTQM/ iQ irQ T`K2i2`b- BX2X
i`Mb72` BMi2;`H UtV M/ QM@bBi2 `2TmHbBQM UUV- M/ +QKKQMHv `2T`2b2Mi2/ #v t/U `iBQX
AM i?Bb +b2- bTBM /2HQ+HBxiBQM `QmM/ +QTT2` BQM Bb `2Hi2/ iQ i`Mb72` BMi2;`H #2ir22M
d Q`#BiH Q7 +QTT2` BQM M/ p Q`#BiH Q7 +vbi2BM2Ƕb bmH7m` iQKX h?2 ?B;?2` pHm2 Q7 iQKB+
T`iBH bTBM QM +QTT2` BQM #v Jye BM/B+i2 i?i Jye +H+mHiBQM T`Q/m+2  ?B;?2` pHm2
Q7 i`Mb72` BMi2;`H M/- b i?2 +QMb2[m2M+2- HQr2` pHm2 Q7 t/U `iBQX ++Q`/BM; iQ i?Bb
`2bmHib- +?`;2 i`Mb72` #2ir22M +QTT2` BQM M/ +vbi2BM2Ƕb bmH7m` Bb HBF2Hv KQ`2 7pQ`#H2
*?Ti2` hrQ kj
6B;m`2 kXj, aTBM /2MbBiv bm`7+2 Q7 hR*m +H+mHi2/ #v mbBM; JyeX

























iQK iQKB+ aTBM .Bbi`B#miBQMxm`BM SHbiQ+vMBM ai2HH+vMBM J*Pb
*m yX9N UyX9eV yX8R UyX93V yX8d UyX89V yX8j UyX9NV
aR yX9j UyX9dV yXjN UyX9kV yXjj UyXj8V yXj3 UyX9RV
akfP y UyV yXyy UyXyyV y UyV y UyV
LR yXyj UyXyjV yXy9 UyXy9V yXy8 UyXy8V yXy9 UyXy9V
Lk yXyj UyXyjV yXy9 UyXy8V yXy9 UyXy8V yXRN UyXReV
iQ Q++m`b #v Jye +H+mHiBQMX iQKB+ T`iBH bTBM QM K2i?BQMBM2Ƕb bmH7m` Bb 7QmM/ iQ
#2 x2`Q BM HH hR*m +Hmbi2`X h?Bb BM/B+i2 i?i i?2 T`Q##BHBiv Q7 i?2 mMTB`2/ 2H2+i`QM
Q7 +QTT2` iQ /Bbi`B#mi2 QMiQ K2i?BQMBM2Ƕb bmH7m` Bb x2`Q #2+mb2 i?2 /BbiM+2 #2ir22M Q7
#Qi? iQKb Bb `2HiBp2Hv H`;2` i?M i?2 Qi?2` +QTT2`@HB;M/ #QM/X
iQKB+ T`iBH +?`;2b Q7 hR*m +H+mHi2/ #v "jGuS M/ Jye `2 T`2b2Mi2/ BM h#H2
kXkX q2 7QmM/ i?i i?2 T`iBH +?`;2 Q7 +QTT2` BQM +H+mHi2/ #v Jye Bb H2bb TQbBiBp2
i?M i?i +H+mHi2/ #v "jGuSX AM +QMi``v- b 7Q` +vbi2BM2Ƕb bmH7m` iQK- i?2 T`iBH
+?`;2 Q#iBM2/ 7`QK Jye +H+mHiBQM Bb H2bb M2;iBp2 i?M i?i Q#iBM2/ 7`QK "jGuS























6B;m`2 kX9, 1 Q7 hR*m BM J*Pb b  7mM+iBQM Q7 #QM/ /BbiM+2X h?2 2[mBHB#`BmK
/BbiM+2 HB2 QM  KB//H2 TQBMi M/ BM+`2K2Mi TQBMi Bb yXy8 ³X
bmH7m` Bb KQ`2 /Bbi`B#mi2/ QMiQ i?2 +QTT2` BQMX h?2 i2M/2M+v Q7 iQKB+ T`iBH +?`;2 Bb
7QmM/ +QMbBbi2MiHv BM HH hR*m +Hmbi2`- r?B+? K2Mb i?2 /2T2M/2M+v Q7 iQKB+ T`iBH
+?`;2 QM .6h 7mM+iBQMH Bb bBKBH` 7Q` HH hR*m +Hmbi2`X ++Q`/BM; iQ iQKB+ T`iBH bTBM
M/ iQKB+ T`iBH +?`;2 MHvbBb- r2 7QmM/ i?i Jye +H+mHiBQM vB2H/ i?2 /Bbi`B#miBQM
Q7 2Bi?2` mMTB`2/ 2H2+i`QM Q7 +QTT2` BQM Q` i?2 M2;iBp2 +?`;2 Q7 +vbi2BM2bǶb bmH7m` i?i
Bb KQ`2 /Bbi`B#mi2/ QMiQ i?2 Qi?2` iQKX
h?2 `2bmHib Q7 BQMBxiBQM TQi2MiBH UASV- 2H2+i`QM {MBiv U1V- M/ KtBKmK #bQ`TiBQM
rp2H2M;i? UλV Q7 hR*m `2 T`2b2Mi2/ BM h#H2 kXjX q2 7QmM/ i?i AS M/ 1 Q#iBM2/
7`QK Jye +H+mHiBQM Bb +QMbBbi2MiHv H`;2` i?M i?Qb2 Q#iBM2/ 7`QK "jGuS +H+mHiBQM-
r?B+? BM/B+i2 i?2 /2T2M/2M+v Q7 AS M/ 1 QM .6h 7mM+iBQMHX q2 HbQ T`2b2Mi i?2
THQi Q7 1 HQM; rBi? i?2 /BbiM+2 Q7 *m@HB;M/ #QM/- b b?QrM BM 6B;m`2 kX9X 6`QK i?2
};m`2- r2 7QmM/ i?i i?2 +?M;2 Q7 #QM/ /BbiM+2 z2+i iQ 1 pHm2- BM r?B+? 1 Bb
/B`2+iHv T`QTQ`iBQMH iQ i?2 /BbiM+2X q2 7QmM/ i?i i?2 /2T2M/2M+v Q7 1 QM *m@*vb
#QM/ /BbiM+2 Bb `2HiBp2Hv H`;2` i?M i?2 Qi?2` #QM/X h?Bb }M/BM; BM/B+i2b i?i *m@
*vb #QM/ T`2b2Mi  H`;2bi +QMi`B#miBQM BM bbBbiBM; i?2 2H2+i`QM i`Mb72` T`Q+2bb- r?B+?
Bb BM ;`22K2Mi rBi? 2tT2`BK2MiH /iX(Nd)
_2;`/BM; Jq- r2 7QmM/ i?i Jye +H+mHiBQM T`Q/m+2 i?2 rp2H2M;i?b i?i Bb H`;2`
i?M i?Qb2 T`Q/m+2/ #v "jGuS +H+mHiBQMX AM i?Bb hR*m +b2- Jq /2TB+i  i`MbBiBQM
2M2`;v #2ir22M σ Q`#BiH Q7 *vb bmH7m` M/ dx2−y2 Q`#BiH *mX(ed) 1M2`;v BMpQHp2 BM i?Bb
i`MbBiBQM Bb FMQrM b #M/@;T 2M2`;v Q7 2H2+i`QM i`MbBiBQM M/ i?2 pHm2 Bb BMp2`b2Hv
T`QTQ`iBQMH iQ i?2 rp2H2M;i?X h?Bb BM/B+i2 i?i i?2 H`;2` rp2H2M;i? +Q``2bTQM/ iQ
i?2 bKHH2` 2M2`;v `2[mB`2/ 7Q` i?2 i`MbBiBQMX >2M+2- i?2 H`;2` Jq Q7 Jye +H+mHiBQM
BKTHv i?i 2H2+i`QM i`MbBiBQM Bb KQ`2 7pQ`#H2 iQ Q++m`X
*?Ti2` hrQ k8









































Pt _2/ Pt _2/
*m YyXej UYyX8NV YyXje UYyXjRV YyXe8 UYyX83V YyXj8 UYyXjyV
aR @yX9N U@yX98V @yXd3 U@yXd8V @yX8j U@yX93V @yXdj U@yXeNV
akfP @yX9y U@yXj3V @yXj9 U@yXjkV @yXjk U@yXjyV @yXke U@yXk9V
LR @yXke U@yXk3V @yXkk U@yXkkV @yXkd U@yXk8V @yXjk U@yXjkV
Lk YyXk9 UYyXkyV YyXkR UYyXRNV YyXRN UYyXR3V YyXky UYyXR3V
Lj @yXkN U@yXkeV @yXke U@yXkjV @yXk9 U@yXkjV @yXky U@yXR3V
L9 YyXRN UYyXReV YyXR3 UYyXReV YyXR9 UYyXRkV YyXR8 UYyXR9V
*R YyXRk UYyXReV YyXy3 UYyXRyV YyXR3 UYyXRNV YyXRj UYyXR8V
*k @yXyd U@yXy9V @yXRy U@yXyNV @yXyj @yXyj @yXkR U@yXkyV
*j YyXjd UYyXjeV YyXk9 UYyXk9V YyXkk UYyXkRV YyX9N UYyX9NV
*9 YyXyN UYyXRRV YyXy3 UYyXyNV YyXR8 UYyXReV YyXyN UYyXRyV
*8 @yXyR UYyXykV @yXRj U@yXRkV YyXyR UYyXykV @yXRR U@yXRyV
*e YyX9y UYyXjdV YyX9j UYyX9RV YyXky UYyXkyV YyXk8 UYyXk8V
*d YyXR3 UYyXR9V YyXR9 UYyXRyV YyXk9 UYyXkkV YyXy8 UYyXyRV
*3fL8 YyXRR UYyXyNV YyXRR UYyXyNV YyXRk UYyXRRV YyXyN UYyXyNV
*N YyXkd UYyXkeV YyXRR UYyXRyV YyXRR UYyXyNV @yXy9 U@yXyeV
iQK ai2HH+vMBM J*PbPt _2/ Pt _2/
*m YyX89 UYyX8yV YyXjj UYyXk3V YyX88 UYyX89V YyXje UYyXjjV
aR @yX83 U@yX88V @yXdN U@yXd8V @yX98 U@yX9RV @yXdR U@yXe3V
akfP @yXeR U@yXeRV @yXey U@yXeyV @yXkk U@yXkjV @yXkR U@yXkkV
LR @yXyj U@yXyjV @yXyd U@yXydV @yXj8 U@yXjdV @yXky U@yXkRV
Lk YyXkj UYyXkkV YyXR3 UYyXRdV YyXRN UYyXReV @yXye U@yXy8V
Lj @yXke U@yXkdV @yXjR U@yXjyV @yXRd U@yXR3V @yXje U@yXjeV
L9 YyXR3 UYyXRdV YyXRk UYyXRyV YyXRy UYyXRyV YyXR8 UYyXR9V
*R YyXy8 UYyXyeV YyXy9 UYyXyeV YyXRe UYyXR3V YyXRN UYyXkRV
*k @yXy9 U@yXy9V @yXRR U@yXRRV @yXyN U@yXy3V @yXyR U@yXyRV
*j YyXR8 UYyXReV YyXRd UYyXR3V YyX83 UYyX83V YyXRN UYyXkyV
*9 YyXRy UYyXRRV YyXRy UYyXRkV YyXRN UYyXkyV YyXRk UYyXR9V
*8 @yXy8 U@yXy8V @yXRR U@yXRRV YyXyj UYyXykV @yXRd U@yXReV
*e YyX99 UYyX98V YyX88 UYyX8eV YyXRN UYyXkRV YyX88 UYyX8eV
*d YyXRR UYyXy3V YyXyR U@yXykV YyXRd UYyXR9V YyXRk UYyXyNV
*3fL8 @yXR9 U@yXR8V @yXR8 U@yXR8V YyXy3 UYyXy3V yXye UYyXyeV
*N YyXN9 UYyXNeV YyX3N UYyXNRV YyXy8 UYyXy9V YyXyR U@yXyRV
Pt, PtB/Bx2/ bii2- _2/, _2/m+2/ bii2X
*?Ti2` hrQ ke
h#H2 kXj, h?2 `2bmHib Q7 BQMBxiBQM TQi2MiBH UASV- 2H2+i`QM {MBiv U1V- M/ KtB@
KmK #bQ`TiBQM rp2H2M;i? UλV Q7 hR*m BM p`BQmb +QTT2` T`Qi2BM
S`Qi2BM J2i?Q/ ASf2o 1f2o λfMK+H+X 2tTX
xm`BM "jGuS 8Xy9 9X39 e3jXN9 ejRJye 8Xjk 8XRk eN9XNy
SHbiQ+vMBM "jGuS 9XNj 9X9e 8ykXN9 8NdJye 8Xkj 9Xdk 8kdXNe
ai2HH+vMBM "jGuS 9X3d 9X99 8deX38 eyNJye 8XRe 9XdR 8dNX3d
JmHiB+QTT2` QtB/b2 "jGuS 9X3e 9Xdd eeyX8N eRyJye 8XR3 8Xyk edRXdj
 _27X (Re)
kXjXk 6Q`+2 6B2H/ S`K2i2`
q2 TT`QtBKi2 i?2 #QM/ +QMbiMi `QmM/ hR*m Q7 xm`BM- SHbiQ+vMBM- ai2HH+vMBM-
M/ J*Pb 7`QK  b2`B2b Q7 S1a Q#iBM2/ 7`QK Jye +H+mHiBQM b?QrM BM 6B;m`2 kX8-
kXe- kXd- M/ kX3- `2bT2+iBp2HvX J2Mr?BH2-  b2`B2b Q7 S1a Q7 xm`BM- SHbiQ+vMBM-
ai2HH+vMBM- M/ J*Pb Q#iBM2/ 7`QK "jGuS +H+mHiBQM `2 b?QrM BM 6B;m`2 kXN-
kXRy- kXRR- M/ kXRk- `2bT2+iBp2HvX h?2 pHm2 Q7 i?2 #QM/ +QMbiMib `2 bmKK`Bx2/ BM
h#H2 kX9- kX8- kXe- M/ kXdX 6`QK i?2 `2bmHib- r2 7QmM/ i?2 /2T2M/2M+v Q7 #QM/ +QMbiMi
QM .6h 7mM+iBQMHX "QM/ +QMbiMi Q#iBM2/ 7`QK Jye +H+mHiBQM Bb +QMbBbi2MiHv H`;2`
i?M i?Qb2 Q#iBM2/ 7`QK "jGuS +H+mHiBQM 7Q` HH hR*m +Hmbi2`X S`iB+mH`Hv- r2
7QmM/ i?i i?2 KQbi bB;MB}+Mi /2T2M/2M+v Q7 #QM/ +QMbiMi Bb 7QmM/ QM i?2 BMi2`+iBQM
Q7 *m M/ tBH HB;M/X 6Q` 2tKTH2- b 7Q` hR*m BM xm`BM- i?2 #QM/ +QMbiMi Q7 *m@
J2i #QM/ Q#iBM2/ 7`QK "jGuS M/ Jye +H+mHiBQM `2 dXyk M/ kdXNj F+HfKQH·³k-
`2bT2+iBp2HvX b 7Q` hR*m BM SHbiQ+vMBM- i?2 #QM/ +QMbiMi Q7 *m@J2i #QM/ Q#iBM2/
7`QK "jGuS M/ Jye +H+mHiBQM `2 R3X8y M/ 98Xj8 F+HfKQH·³k- `2bT2+iBp2HvX b 7Q`
hR*m BM ai2HH+vMBM- i?2 #QM/ +QMbiMi Q7 *m@:Hm #QM/ Q#iBM2/ 7`QK "jGuS M/
Jye +H+mHiBQM `2 NX88 M/ jeXyj F+HfKQH·³k- `2bT2+iBp2HvX b 7Q` hR*m BM J*Pb-
i?2 #QM/ +QMbiMi Q7 *m@J2i #QM/ Q#iBM2/ 7`QK "jGuS M/ Jye +H+mHiBQM `2 eXk9
M/ j9Xek F+HfKQH·³k- `2bT2+iBp2HvX
b r2 FMQr- i?2 H`;2` i?2 #QM/ +QMbiMi pHm2- i?2 bi`QM;2` i?2 BMi2`+iBQM #2ir22M
#Qi? iQKbX >2M+2- i?2 H`;2` #QM/ +QMbiMi Q#iBM2/ 7`QK Jye +H+mHiBQM BM/B+i2
i?i Jye +H+mHiBQM i2M/b iQ `2T`2b2Mi i?2 #QM/ BMi2`+iBQM #2ir22M +QTT2` M/ HB;M/
BM  bi`QM;2` rv i?M "jGuSX AM T`iB+mH`- i?2 +QMi`B#miBQM Q7 Jye Bb KQ`2 bB;MB7@
B+Mi BM i?2 +b2 Q7 *m M/ tBH HB;M/X h?2 /BbiM+2 Q7 i?2 #QM/ #2ir22M *m M/ tBH
HB;M/ Bb bB;MB}+MiHv H`;2` i?M i?2 Qi?2` #QM/X b +QMb2[m2M+2- *m BMi2`+i rBi? tBH












































6B;m`2 kX8, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 xm`BM BM UV













































6B;m`2 kXe, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 SHbiQ+vMBM
BM UV QtB/Bx2/ M/ U#V `2/m+2/ bii2 +H+mHi2/ #v JyeX
h#H2 kX9, 6BiiBM; T`K2i2` 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 xm`BM +H+mHi2/ #v
"jGuS UJyeVX
"QM/ _2/m+2/ aii2 PtB/Bx2/ aii2
rS." rc Kr rS." rc Kr
*m@LU>Bb9eV kXyy RXNd URXN9V RyNXjN URjeXeeV kXye RXNe URXNjV RydX3k URjRXRRV
*m@LU>BbRRdV kXRR kXyy URXN8V RyeXy9 URkdXyNV kXRN kXy8 URXNNV dkXRe UNNXN3V
*m@aU*vbRRkV kXkd kXR9 UkXRyV Rj8XRR UR89Xj3V kXk3 kXky UkXReV NeXed URkjXN3V
*m@aUJ2iRkRV jXR3 jX8e UjXk3V NXeN Uk8X3yV jXjj jXdN UjXjNV dXyk UkdXNjV
h?2 mMBi Q7 /BbiM+2 UrV M/ 7Q`+2 +QMbiMi UKrV `2 ³ M/ F+H KQH−1³−k- `2bT2+iBp2HvX
++Q`/BM; iQ i?Bb `2bmHib- r2 7QmM/ i?i Jye i`2ib i?2 HQM;@`M;2 BMi2`+iBQM #2ii2` i?M
"jGuS /Q2b /m2 iQ i?2 ivT2 Q7 2t+?M;2 7mM+iBQMHX Jye miBHBx2 K2i@:: 2t+?M;2
7mM+iBQMH- BMbi2/ Q7 Tm`2 :: 2t+?M;2 7mM+iBQMH- #v +QMbB/2`BM; bTBM FBM2iB+ 2M2`;v
/2MbBiv T`K2i2`X "v +QmTHBM; rBi? >6 2t+?M;2 7mM+iBQMH BM  T`QT2` `iBQ- K2i@
:: 2t+?M;2 7mM+iBQMH +M BKT`Qp2 i?2 T2`7Q`KM+2 Q7 .6h +H+mHiBQM- 2bT2+BHHv














































6B;m`2 kXd, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 ai2HH+vMBM












































6B;m`2 kX3, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 J*Pb BM UV
QtB/Bx2/ M/ U#V `2/m+2/ bii2 +H+mHi2/ #v JyeX
h#H2 kX8, 6BiiBM; T`K2i2` 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 SHbiQ+vMBM +H+m@
Hi2/ #v "jGuS UJyeVX
"QM/ _2/m+2/ aii2 PtB/Bx2/ aii2
rS." rc Kr rS." rc Kr
*m@LU>BbjdV kXRj RXN9 URXNRV NeXej URR8XRdV RXNR RXNd URXN9V RkeX8k URjkXkkV
*m@LU>Bb3dV kXjN kXyN UkXyyV 89X8k UNjXeyV kXye kXyy URXN8V 3NXk9 URkdX98V
*m@aU*vb39V kXRd kXRN UkXR8V 3dXR3 URkjXNyV kXyd kXR8 UkXRRV R8kXdj URe8X9kV
*m@aUJ2iNkV kX3d kX3e UkXejV R3Xyk U9yXNyV kX3k kXNj UkXdkV R3X8y U98Xj8V
h?2 mMBi Q7 /BbiM+2 UrV M/ 7Q`+2 +QMbiMi UKrV `2 ³ M/ F+H KQH−1³−k- `2bT2+iBp2HvX
h?2 M;H2 +QMbiMib `QmM/ hR*m Q7 xm`BM- SHbiQ+vMBM- ai2HH+vMBM- M/ J*Pb `2
TT`QtBKi2/ 7`QK  b2`B2b Q7 S1a Q#iBM2/ 7`QK Jye +H+mHiBQM b?QrM BM 6B;m`2 kXRj-
kXR9- kXR8- M/ kXRe- `2bT2+iBp2HvX J2Mr?BH2-  b2`B2b Q7 S1a Q7 xm`BM- SHbiQ+vMBM-
ai2HH+vMBM- M/ J*Pb Q#iBM2/ 7`QK "jGuS +H+mHiBQM `2 b?QrM BM 6B;m`2 kXRd-
kXR3- kXRN- M/ kXky- `2bT2+iBp2HvX h?2 pHm2 Q7 i?2 M;H2 +QMbiMib `2 bmKK`Bx2/ BM















































6B;m`2 kXN, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 xm`BM BM UV















































6B;m`2 kXRy, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 SHbiQ+vMBM
BM UV QtB/Bx2/ M/ U#V `2/m+2/ bii2 +H+mHi2/ #v "jGuSX
h#H2 kXe, 6BiiBM; T`K2i2` 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 ai2HH+vMBM +H+m@
Hi2/ #v "jGuS UJyeVX
"QM/ _2/m+2/ aii2 PtB/Bx2/ aii2
rS." rc Kr rS." rc Kr
*m@LU>Bb98V RX3N RXNN URXN8V RyRX9e URk9X88V kXRd kXyk URXN3V 3jXR8 URydXyNV
*m@LU>BbNRV kXye kXy8 UkXyyV NNX39 URkjX8eV kXye kXy8 URXNNV 38Xd3 URRyXd9V
*m@aU*vb3eV kXkj kXR3 UkXRjV Rk3Xdj UR83XRkV kXk9 kXkk UkXRdV NkXjj URRdX8jV
*m@PU:HMNeV kXkk kX9R UkXk3V kNXkR U9jXe3V kX8k kX3j UkX8RV NX88 UjeXyjV
h?2 mMBi Q7 /BbiM+2 UrV M/ 7Q`+2 +QMbiMi UKrV `2 ³ M/ F+H KQH−1³−k- `2bT2+iBp2HvX
/2T2M/2M+v Q7 M;H2 +QMbiMi QM .6h 7mM+iBQMHX AM bQK2 +b2- Jye T`Q/m+2 M;H2
+QMbiMi i?i Bb H`;2` i?M "jGuS /Q2b- r?BH2 BM MQi?2` +b2- Jye T`Q/m+2 M;H2
+QMbiMi i?i Bb bKHH2` i?M "jGuS /Q2bX h?Bb }M/BM; +Q``2bTQM/ iQ i?2 +QKTH2tBiv
Q7 M;H2 +QMbiMi- BM r?B+? i?2 TT`QtBKiBQM 7Q` M M;H2 Bb biBHH /2T2M/ QM MQi?2`

















































6B;m`2 kXRR, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 ai2HH+vMBM











































6B;m`2 kXRk, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 J*Pb BM
UV QtB/Bx2/ M/ U#V `2/m+2/ bii2 +H+mHi2/ #v "jGuSX
h#H2 kXd, 6BiiBM; T`K2i2` 7Q` #QM/ /BbiM+2 `QmM/ hR*m Q7 J*Pb +H+mHi2/ #v
"jGuS UJyeVX
"QM/ _2/m+2/ aii2 PtB/Bx2/ aii2
rS." rc Kr rS." rc Kr
*m@LU>Bb9ykV kXydk RXNN URXN8V Ry9Xk3 URkNX8eV kXyR kXyy URXNkV 3NX8d URjNX9dV
*m@LU>Bb9e9V RXNd9 RXNe URXNkV RkRX9N UR8kX89V kXyj RXNe URXN8V RydXdN URRkXRyV
*m@aU*vb98NV kXjyk kXR3 UkXR9V RkeXNd UR9NXykV kXjy kXk8 UkXkyV NkXj URRjXdNV
*m@aUJ2i9eNV jXyeR jXkj UkXNeV RRX33 UjkX8dV jXkj jX8j UjXRkV eXk9 Uj9XekV
h?2 mMBi Q7 /BbiM+2 UrV M/ 7Q`+2 +QMbiMi UKrV `2 ³ M/ F+H KQH−1³−k- `2bT2+iBp2HvX
kX9 *QM+HmbBQM
q2 ?p2 T`2b2Mi2/  KQ/2H +Hmbi2` Q7 hR*m Q#iBM2/ 7`QK b2p2`H +QTT2` T`Qi2BM- BX2X
xm`BM- SHbiQ+vMBM- ai2HH+vMBM- M/ J*PbX a2p2`H T`QT2`iB2b- bm+? b iQKB+ T`@
iBH +?`;2- iQKB+ T`iBH bTBM- BQMBxiBQM TQi2MiBH UASV Q7 `2/m+2/ hR*m- 2H2+i`QM


























































































6B;m`2 kXRj, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ M;H2 `QmM/ hR*m Q7 xm`BM BM UV
QtB/Bx2/ M/ U#V `2/m+2/ bii2 +H+mHi2/ #v JyeX
h#H2 kX3, 6BiiBM; T`K2i2` 7Q` #QM/ M;H2 `QmM/ hR*m Q7 xm`BM +H+mHi2/ #v
"jGuS UJyeVX
M;H2 _2/m+2/ aii2 PtB/Bx2/ aii2
θS." θc Kθ θS." θc Kθ
LU>Bb9eV@*m@LU>BbRRdV Ry9 Ry8 URyyV e9 UNjV Ryj Ryj URy8V e3 UdyV
LU>Bb9eV@*m@aU*vbRRkV Rjk RjN UR98V 89 URyjV Rjj RjN URjdV 9j U83V
LU>Bb9eV@*m@aUJ2iRkRV d8 dj UdjV 883 U83NV dj dy UdRV 9d3 U98dV
LU>BbRRdV@*m@aU*vbRRkV Rk9 RRe URRyV 99 URyRV Rkj RR8 URRjV j9 U99V
LU>BbRRdV@*m@aUJ2iRkRV 39 33 U33V 9ye UjedV 33 NR UNRV j3d U9RjV
aU*vbRRkV@*m@aUJ2iRkRV RRy RRy URyNV ky3 Uk3dV RRk RRj URRkV R88 UkR3V
*m@LU>Bb9eV@*ε Rk9 RkR URkjV Ryj URy9V Rke Rk8 URk3V Ry8 URk3V
*m@LU>Bb9eV@*γ Rjk Rj8 URjjV Ryj URy9V Rjy RjR URk3V Ry9 URjkV
*m@LU>BbRRdV@*ε Rk9 RkR URkkV kRd Ujj9V Rk3 Rk9 URkeV kR8 UjkkV
*m@LU>BbRRdV@*γ RkN Rjj URjRV R33 UkkdV Rkd RjR URkNV ky8 Ujy9V
*m@aU*vbRRkV@*β RyN Ryd URyjV 33 UR8dV Ry3 Rye URykV d8 URk3V
*m@aUJ2iRkRV@*ε NN Nd UNdV 9k8 U9jyV N3 N8 UN8V j9k Uj9NV
*m@aUJ2iRkRV@*γ Rj3 R9k UR9kV k98 UkjeV Rjd R9k UR9RV Rj9 UReRV
h?2 mMBi Q7 M;H2 UθV M/ 7Q`+2 +QMbiMi UKθV `2 U◦V M/ F+H KQH−1`/−2- `2bT2+iBp2HvX
`2HiBQM iQ .6h 7mM+iBQMHbX q2 ?p2 7QmM/ i?i .6h 7mM+iBQMH z2+i iQ i?2 T`QT2`iB2b






























































































6B;m`2 kXR9, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ M;H2 `QmM/ hR*m Q7 SHbiQ+vMBM
BM UV QtB/Bx2/ M/ U#V `2/m+2/ bii2 +H+mHi2/ #v JyeX
h#H2 kXN, 6BiiBM; T`K2i2` 7Q` #QM/ M;H2 `QmM/ hR*m Q7 SHbiQ+vMBM +H+mHi2/
#v "jGuS UJyeVX
M;H2 _2/m+2/ aii2 PtB/Bx2/ aii2
θS." θc Kθ θS." θc Kθ
LU>BbjdV@*m@LU>Bb3dV NN RyR URy9V d8 U3kV Nd Nd UNNV kRN UkkNV
LU>BbjdV@*m@aU*vb39V Rje Rjd URjNV Nk URRkV Rjk RjR URj9V R9y URkjV
LU>BbjdV@*m@aUJ2iNkV 33 33 U3NV R3R UR3RV 3N 33 UNyV kk8 UkyRV
LU>Bb3dV@*m@aU*vb39V RRy Ry3 URydV 8d U8dV RkR Rkk URkRV Rye UN3V
LU>Bb3dV@*m@aUJ2iNkV Rye Rye URy8V kkR UR33V RyR Ryy URyyV kk3 Uk9yV
aU*vb39V@*m@aUJ2iNkV RRj RRj URRkV R93 UR93V RRy RRR URyNV R8k URjjV
*m@LU>BbjdV@*ε RRd Rkj URkeV e9 U3yV Rkj Rkj URkeV de UekV
*m@LU>BbjdV@*γ Rke Rky URRdV 8j UdjV RkN Rjy URkdV d8 UeeV
*m@LU>Bb3dV@*ε Rkd RkN URjjV 3k URy8V Rk9 Rkj URkeV R9N URdRV
*m@LU>Bb3dV@*γ Rky RRd URR9V dR URjyV Rke Rkd URk9V Rj8 URdNV
*m@aU*vb39V@*β RyR Rye URyyV j3 U99V RRy RRR URy3V 8j UdyV
*m@aUJ2iNkV@*ε N8 NN UNdV NN U3RV Ne Ryy URyyV RRj URykV
*m@aUJ2iNkV@*γ Rjj Rjj URjRV ek U3kV Rkd Rkd URkeV dN URyeV
h?2 mMBi Q7 M;H2 UθV M/ 7Q`+2 +QMbiMi UKθV `2 U◦V M/ F+H KQH−1`/−2- `2bT2+iBp2HvX
Q7 *vb bmH7m` iQK Bb KQ`2 /Bbi`B#mi2/ QMiQ i?2 Qi?2` iQK- 2bT2+BHHv *m iQKX HbQ-























































































6B;m`2 kXR8, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ M;H2 `QmM/ hR*m Q7 ai2HH+vMBM BM
UV QtB/Bx2/ M/ U#V `2/m+2/ bii2 +H+mHi2/ #v JyeX
h#H2 kXRy, 6BiiBM; T`K2i2` 7Q` #QM/ M;H2 `QmM/ hR*m Q7 ai2HH+vMBM +H+mHi2/
#v "jGuS UJyeVX
M;H2 _2/m+2/ aii2 PtB/Bx2/ aii2
θS." θc Kθ θS." θc Kθ
LU>Bb98V@*m@LU>BbNRV Ryy Nd UN3V kRk UkRjV N3 N8 UNdV Rjy URjeV
LU>Bb98V@*m@aU*vb3eV Rk3 RjR URj8V 39 U33V Rjk Rj9 URjdV ej UdkV
LU>Bb98V@*m@aUJ2iNeV N9 NR UNkV jed U9yyV 3d 3j U38V kNy UjRNV
LU>BbNRV@*m@aU*vb3eV Rke RRe URReV jN Uj9V Rk8 RR3 URykV ke UR93V
LU>BbNRV@*m@PU:HMNeV N8 N3 UN3V 8Rj U8kNV Ny Nk UNkV 8kk U8R3V
aU*vb3eV@*m@PU:HMNeV Ry8 Ry8 URy9V kN8 UjN9V RRR RRk URRRV R39 UjRjV
*m@LU>Bb98V@*ε RkR RkR URkkV N8 URykV Rk3 Rk8 URk3V 8k UeRV
*m@LU>Bb98V@*γ RkN Rjy URk3V N8 URykV Rkk Rke URkkV 89 Ue8V
*m@LU>BbNRV@*ε Rkd Rkj URk8V kNd Uj3jV Rke Rkk URk9V k8d U9y9V
*m@LU>BbNRV@*γ Rkj Rkd URkeV kN9 UjdeV Rkj Rkd URk8V k93 Uj39V
*m@aU*vb3eV@*β Ry3 RyN URy8V dd URd3V Ry3 RRy URyeV dj URkeV
*m@PU:HmNeV@*δ RRd RR8 URR8V je8 Uje9V Rye Ry9 URyjV key Uk8eV
h?2 mMBi Q7 M;H2 UθV M/ 7Q`+2 +QMbiMi UKθV `2 U◦V M/ F+H KQH−1`/−2- `2bT2+iBp2HvX
Bb BM/B+i2/ #v HQr pHm2 Q7 iQKB+ T`iBH bTBM Q7 *mX "2`BM; QM #QM/ +QMbiMi- Jye

























































































6B;m`2 kXRe, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ M;H2 `QmM/ hR*m Q7 J*Pb BM UV
QtB/Bx2/ M/ U#V `2/m+2/ bii2 +H+mHi2/ #v JyeX
h#H2 kXRR, 6BiiBM; T`K2i2` 7Q` #QM/ M;H2 `QmM/ hR*m Q7 J*Pb +H+mHi2/ #v
"jGuS UJyeVX
M;H2 _2/m+2/ aii2 PtB/Bx2/ aii2
θS." θc Kθ θS." θc Kθ
LU>Bb9ykV@*m@LU>Bb9e9V Ryj Ryk URykV Nj UdkV Ry8 Ry8 URy8V d3 UeyV
LU>Bb9ykV@*m@aU*vb98NV RkN RjR URjRV Nj U8NV Rke Rjy URkeV eN UekV
LU>Bb9ykV@*m@aUJ2i9eNV dN d3 UdNV 9RN U8kNV d3 de UddV j8N Ud9V
LU>Bb9e9V@*m@aU*vb98NV Rk9 Rky URk9V je U8yV Rk3 RkR URyeV ke URyNV
LU>Bb9e9V@*m@aUJ2i9eNV Ryd Ryd URydV jd8 Uj88V Ryk Ryk URykV jdy Uj93V
aU*vb98NV@*m@aUJ2i9eNV Ryy Ryy UNNV kje Uk39V Ryy Ryy UNNV Rd9 Uk9eV
*m@LU>Bb9ykV@*ε Rk8 Rkj URk8V N9 U3eV Rkd Rk8 URk3V 3N UNjV
*m@LU>Bb9ykV@*γ Rk9 Rke URk9V N3 UNjV Rk8 Rkd URk9V Ny UN9V
*m@LU>Bb9e9V@*ε Rk8 Rk8 URkdV ky8 Uk3yV Rkd Rkd URkNV kRy Uk9yV
*m@LU>Bb9e9V@*γ Rk8 Rke URk9V ky9 Ukd3V Rk8 Rk8 URkjV kyk UkkdV
*m@aU*vb98NV@*β Ryy Ry8 URyyV 9j UNkV Ryy Ryj UN3V 9y U39V
*m@aUJ2i9eNV@*ε Ry9 Ryk URyjV R3R UR33V Ryj RyR URykV R8j URkdV
*m@aUJ2i9eNV@*γ R9y R9R UR9yV k9y UjR9V R9R R9j UR9RV RNy Ujk9V
h?2 mMBi Q7 M;H2 UθV M/ 7Q`+2 +QMbiMi UKθV `2 U◦V M/ F+H KQH−1`/−2- `2bT2+iBp2HvX
#v "jGuSX AM T`iB+mH`- i?2 /2T2M/2M+v QM .6h 7mM+iBQMH Bb 7QmM/ iQ #2 KQ`2 bB;@
























































































6B;m`2 kXRd, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ M;H2 `QmM/ hR*m Q7 xm`BM BM UV
QtB/Bx2/ M/ U#V `2/m+2/ bii2 +H+mHi2/ #v "jGuSX
+M ?M/H2 HQM;@`M;2 BMi2`+iBQM #2ii2` i?M "jGuS /Q2bX >Qr2p2`- r2 /B/ MQi }M/
Mv +QMbBbi2Mi +QMi`B#miBQM Q7 .6h 7mM+iBQM BM i?2 +b2 Q7 M;H2 +QMbiMi /m2 iQ i?2



















































































6B;m`2 kXR3, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ M;H2 `QmM/ hR*m Q7 SHbiQ+vMBM























































































6B;m`2 kXRN, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ M;H2 `QmM/ hR*m Q7 ai2HH+vMBM BM

























































































6B;m`2 kXky, SQi2MiBH 2M2`;v bm`7+2 7Q` #QM/ M;H2 `QmM/ hR*m Q7 J*Pb BM UV
QtB/Bx2/ M/ U#V `2/m+2/ bii2 +H+mHi2/ #v "jGuSX
*?Ti2` j
ZmMimK *?2KB+H aim/v Q7 i?2
tBH GB;M/ 1z2+i QM i?2
1H2+i`QMB+ S`QT2`iB2b Q7 hvT2 A
*QTT2` S`Qi2BM
jXR AMi`Q/m+iBQM
hvT2 A +QTT2` UhR*mV T`Qi2BMb- bm+? b xm`BM- SHbiQ+vMBM- ai2HH+vMBM- 2i+X- THv M
BKTQ`iMi `QH2 BM  p`BQmb #BQKQH2+mH` T`Q+2bb2b BMpQHpBM; 2H2+i`QM i`Mb72`X(Ry- RR- N3)
h?Bb T`Qi2BMb `2+2Bp2 M 2H2+i`QM 7`QK Qi?2` T`Qi2BMb rBi? ?B;?2` `2/Qt TQi2MiBH M/
i`Mb72` i?2 2H2+i`QM iQ Qi?2` T`Qi2BM rBi? HQr2` `2/Qt TQi2MiBHX(Re- e9- e8) hR*m T`Qi2BM
Bb `2+Q;MBx2/ #v M BMi2Mb2 #Hm2 +QHQ` `BbBM; 7`QK  +?`;2 i`Mb72` 7`QK HB;M/ iQ
K2iH- r?B+? i?2 #M/ Bb Q#b2`p2/ `QmM/ eyy MK- M/  M``Qr ?vT2`}M2 bTHBiiBM;
Q7 bT2+i`mK MHvbBb mbBM; 2H2+i`QM T`K;M2iB+ `2bQMM+2X(8) h?Bb T`Qi2BMb T`2b2Mi
`2HiBp2Hv ?B;? pHm2 Q7 `2/Qt TQi2MiBH M/ i?2 b2+QM/`v bi`m+im`2 Bb [mBi2 bBKBH`
#2ir22M i?2 bi`m+im`2 BM QtB/Bx2/ M/ `2/m+2/ bii2X(NN) hR*m T`Qi2BM +QMiBMb  +QTT2`
+Hmbi2`- i?2 bQ@+HH2/ ivT2 A +QTT2` +2Mi2` UhR**V- r?B+? i?2 ;2QK2i`B+H bi`m+im`2 Bb
+HQb2Hv iQ i`B;QMH #vTv`KB/HX :2M2`HHv- +QTT2` BQM U*mV BM hR** #QmM/ iQ  +vbi2BM2
U*vbV M/ irQ ?BbiB/BM2b U>BbV BM 2[miQ`BH TQbBiBQM- M/ HbQ #QmM/ iQ K2i?BQMBM2
UJ2iV BM tBH TQbBiBQMX  b?Q`i #QM/ /BbiM+2 #2ir22M *m M/ *vb Bb FMQrM iQ #2
?B;?Hv +QpH2Mi M/ i?mb `Bb2 M BMi2Mb2 Q7 +?`;2@i`Mb72` #M/X(Ry)
PM i?2 +QMi``v- J2i #QmM/ iQ *m rBi? i?2 #QM/ /BbiM+2 KQ`2 i?M j M/ BMi2`@
+i rBi?  HQM;@`M;2 BMi2`+iBQMX(Ry) Hi?Qm;? i?2 BMi2`+iBQM #2ir22M *m M/ J2i Bb
jN
*?Ti2` h?`22 9y
`2HiBp2Hv r2F- b2p2`H ;`QmTb ?b `2TQ`i2/ i?i i?Bb BMi2`+iBQM +QMi`B#mi2 iQ T`Qi2BM
7mM+iBQMX(RyyĜRye) h?2 +QMi`B#miBQMb Q7 tBH HB;M/ BMi2`+iBQM ?p2 #22M BMp2biB;i2/
#v GB M/ +QrQ`F2`bX h?2v 7QmM/ i?i i?2 H+F Q7 i?2 HB;M/ ;Bp2  +QMi`B#miBQM iQ `2/Qt
TQi2MiBH Q7 hR*m T`Qi2BMX(RyR) h?2 bim/v #v :`M2` M/ +QrQ`F2`b ?p2 HbQ `2p2H2/
i?2 +QMi`B#miBQM Q7 tBH HB;M/ BM bi#BHBxBM; T`Qi2BM bi`m+im`2X h?2 H+F Q7 i?2 HB;M/
H2/ iQ T`Qi2BM /2bi#BHBxiBQM /m2 iQ i?2 +?M;2 Q7 ?v/`QT?Q#B+ Q` ?v/`Q;2M #QM/ BM@
i2`+iBQM `QmM/ hR**X(Ryk) 6m`i?2`KQ`2- b2p2`H bim/B2b ?p2 `2p2H2/ i?2 Qi?2` `QH2b
Q7 i?2 tBH HB;M/- bm+? b bi2`B+ T`Qi2+iBQM Q7 *m BQM M/ ;2QK2i`B+ +QMi`QHX(Ry9- Ry8)
a2p2`H ;`QmTb ?p2 BMp2biB;i2/ bQK2 T`QT2`iB2b Q7 hR**- bm+? b #bQ`TiBQM rp2@
H2M;i?- 1S_ bT2+i`- M/ `2/Qt TQi2MiBHX(eeĜdy- d8) h?2 #bQ`TiBQM rp2H2M;i? M/
1S_ bT2+i` Q7 hR** ?p2 #22M BMp2biB;i2/ #v aQKQHQM M/ +QrQ`F2`bX(ed) h?2v ?p2
HbQ BMp2biB;i2/ i?2 Qi?2` T`QT2`iB2b- bm+? b `QQK i2KT2`im`2 +B`+mH` /B+?`QBbK M/
K;M2iB+ +B`+mH` /B+?`QBbK bT2+i`- Q7 b2p2`H hR*m T`Qi2BMb- bm+? b xm`BM- SHbiQ@
+vMBM- M/ ai2HH+vMBMX J2Mr?BH2- i?2 2H2+i`QMB+ bi`m+im`2 M/ T`QT2`iB2b Q7 hR**
?p2 HbQ #22M bim/B2/ #v mbBM; +QKTmiiBQMH K2i?Q/X 6Q` 2tKTH2- i?2 BMi2`+iBQMb
#2ir22M *m M/ HB;M/ ?p2 #22M BMp2biB;i2/ #v mbBM; [mMimK K2+?MB+H K2i?Q/ #v
aQHQKQM M/ +QrQ`F2`bX h?2 `2bmHib Q7 i?2B` bim/B2b ?p2 #22M /Bb+mbb2/ BM `2HiBQM iQ
i?2 2H2+i`QMB+ bi`m+im`2X(Re- N8)
h?Bb bim/v BK2/ iQ BMp2biB;i2 i?2 2z2+i Q7 tBH HB;M/ UJ2iV QM i?2 T`QT2`iB2b Q7
hR*m T`Qi2BM #v mbBM; /2MbBiv 7mM+iBQMH i?2Q`v U.6hV rBi? HQM;@`M;2 +Q``2+iBQM UG*V
b+?2K2X 6Q` ivTB+H 2tKTH2- r2 T`2T`2/ hR** 2ti`+i2/ 7`QK s@`v +`vbiH bi`m+im`2
Q7 xm`BM T`Qi2BM US." A. 9wlVX(kk) b b?QrM BM 6B;m`2 jXR- r2 T`2T`2/ hR**
KQ/2H +Hmbi2` i?i +QMbBbib Q7  +QTT2` BQM-  +vbi2BM2- irQ ?BbiB/BM2b- M/  K2i?BQMBM2X
AM i?2 i2`K Q7 tBH HB;M/- r2 M2;H2+i :Hv+BM2 U:HvV tBH HB;M/ Q7 hR** BM xm`BM
#2+mb2 i?2 +QMi`B#miBQM Bb Km+? H2bb 2z2+iBp2 i?M J2i HB;M/X(Ryy)
jXk *QKTmiiBQMH J2i?Q/b
jXkXR h?2 JQ/2H Q7 hvT2 R *QTT2` *2Mi2`
h?2 +H+mHiBQMb Q7 2H2+i`QMB+ bi`m+im`2 M/ T`QT2`iB2b Q7 hR** +Hmbi2` `2 +QM/m+i2/ #v
miBHBxBM; 2B;?i /2MbBiv 7mM+iBQMH i?2Q`v U.6hV 7mM+iBQMHbX h?Qb2 7mM+iBQMHb Bb +?Qb2M
rBi? `2bT2+i iQ b2p2`H +Hbb2b Q7 .6h 7mM+iBQMHb- BX2X UBV Tm`2 ;2M2`HBx2/ ;`/B2Mi
TT`QtBKiBQM U::V US"1 M/ "GuSV- UBBV ?v#`B/ U"jGuS M/ JyeV- UBBBV HQM;@`M;2
+Q``2+i2/ UG*V@:: UG*@"GuS M/ G*@ωS"1V- M/ UBpV G* ?v#`B/ Uω"Nds M/ *J@
"jGuSVX q2 BMp2biB;i2/ i?2 HQM;@`M;2 BMi2`+iBQM Q7 tBH J2i HB;M/ #v +H+mHiBM;
2[mBHB#`BmK #QM/ /BbiM+2 M/ #QM/ +QMbiMi Q7 *m@J2i #QM/- `2/Qt TQi2MiBH- M/
*?Ti2` h?`22 9R
6B;m`2 jXR,  b+?2KiB+ /B;`K Q7 hR** KQ/2H +Hmbi2`X
KtBKmK #bQ`TiBQM rp2H2M;i? UJqVX AM i?2 +b2 Q7 `2/Qt TQi2MiBH M/ Jq- i?2
+H+mHiBQMb `2 T2`7Q`K2/ #v miBHBxBM; b2p2`H hR** KQ/2H +Hmbi2` rBi? p`B2/ /BbiM+2
Q7 *m@J2i #QM/X h?mb- r2 T`2T`2/ }p2 hR** +Hmbi2`b rBi? *m@J2i #QM/ /BbiM+2b
`2 jXR3- jXk3- jXj3- jX93- M/ jX83 X
jXkXk 6Q`+2 6B2H/ M/ 1H2+i`QMB+H S`QT2`iB2b
q2 +H+mHi2/ 2[mHB#`BmK #QM/ /BbiM+2b M/ #QM/ +QMbiMib #v TT`QtBKiBM; TQi2MiBH
2M2`;v bm`7+2 US1aV HQM; rBi? *m@J2i #QM/ /BbiM+2X h?2M- 2[mHB#`BmK #QM/ /Bb@
iM+2b M/ #QM/ +QMbiMib `2 +H+mHi2/ 7`QK }iiBM; MHvbBb Q7 S1a mbBM;  ?`KQMB+
TQi2MiBH 7mM+iBQM b(3N)
V (r,Kr) = Kr(r − rc)2 UjXRV
r?B+? Kr M/ rc K2Mb #QM/ +QMbiMi M/ 2[mBHB#`BmK #QM/ +QMbiMi- `2bT2+iBp2HvX





r?B+? ΔG`2/Qt `2T`2b2Mib i?2 :B##b 7`22 2M2`;v 7Q` `2/Qt `2+iBQM- EL>1 `2T`2b2Mib `27@
2`2M+2 TQi2MiBH U9X99 oV-(Ryd)- n M/ F `2 i?2 MmK#2` Q7 2H2+i`QM BMpQHp2 BM `2+iBQM-
M/ 6`/v +QMbiMi UNeX938 FCfKQHXoV- `2bT2+iBp2HvX AM i?2 K2MiBK2- Jq Bb T@
T`QtBKi2/ #v mbBM; iBK2@/2T2M/2Mi .6h K2i?Q/ rBi? TQH`Bx#H2 +QMiBMmmK bQHpiBQM
KQ/2H Uε = 10VX(Ry3) AM i?2 i2`K Q7 `2/Qt TQi2MiBH M/ Jq- `2HiBp2 pHm2b Q7 i?Qb2
T`QT2`iB2b Bb +H+mHi2/ BMbi2/ Q7 #bQHmi2 pHm2X h?2 +H+mHiBQM Q7 `2HiBp2 pHm2b Bb
T2`7Q`K2/ #v bm#i`+iBM; i?2 #bQHmi2 pHm2b rBi? i?2 KBMBKmK pHm2bX >Qr2p2`- i?2
*?Ti2` h?`22 9k








"GuS j8eX9k 3kk 8dN
S"1 R88jXd8 eRe 83y
"jGuS yXyy 88k eyj
Jye eNeX9k kk9 ey9
G*@"GuS jye8X8y RNR d83
G*@ωS"1 NkNXR8 kkN dk9
ω"Nds k99XdN j8j e3k
*J@"jGuS 9j9XRN 99N ed3
1tTX @ j9R ejR#
 _27X (eN)
# _27X (dy)
#bQHmi2 pHm2b Q7 i?Qb2 T`QT2`iB2b `2 T`2b2Mi2/ BM h#H2 jXRX h?2 ++m`+v Q7 +H+mH@
iBQM Bb 2biBKi2/ #v +H+mHiBM; `2HiBp2 2``Q` 7`QK i?2 +QKT`BbQM #2ir22M +H+mHi2/





r?2`2 P+H+ M/ P2tT K2M i?2 pHm2 Q7 i?2 T`QT2`iB2b Q#iBM2/ 7`QK +H+mHiBQM M/
2tT2`BK2Mi- `2bT2+iBp2HvX HH Q7 i?2 +H+mHiBQMb `2 +QM/m+i2/ #v mbBM; :mbbBM yN
T+F;2X(Nk)
jXj _2bmHib M/ .Bb+mbbBQMb
jXjXR 1[mBHB#`BmK "QM/ .BbiM+2 M/ "QM/ *QMbiMi
h?2 THQi Q7 S1a HQM; rBi? i?2 #QM/ /BbiM+2 #2ir22M *m M/ J2i Bb T`2b2Mi2/ BM 6B;m`2
jXkX q2 b+H2/ i?2 2M2`;B2b pHm2 #v bm#i`+iBM; i?2 pHm2 rBi? KBMBKmK 2M2`;B2bX
6`QK i?2 };m`2- i?2 TQbBiBQM Q7 +m`p2 BM/B+i2b i?2 2[mBHB#`BmK #QM/ /BbiM+2 M/ i?2
+m`pim`2 BM/B+i2b i?2 #QM/ +QMbiMiX AM i?2 +b2 Q7 2[mBHB#`BmK #QM/ /BbiM+2- Jye
T`Q/m+2/ i?2 #QM/ /BbiM+2 UjXk9 V rBi? i?2 pHm2 Bb +HQb2bi iQ i?2 #QM/ /BbiM+2 Q#iBM2/
7`QK s@`v +`vbiH bi`m+im`2 UjXR3 VX AM i?2 K2MiBK2- r2 7QmM/ i?i "GuS T`Q/m+2 
TQQ` `2bmHi i?i BM/B+i2/ #v  H`;2 /2pBiBQM Q7 i?2 #QM/ /BbiM+2 BM +QKT`BbQM rBi?
i?2 /BbiM+2 Q#iBM2/ 7`QK s@`v bi`m+im`2X q2 +H+mHi2/ i?2 `2HiBp2 KBMBKmK 2M2`;v
7Q` 2+? .6h 7mM+iBQMH #v bm#i`+iBM; i?2 2M2`;B2b rBi? "jGuS KBMBKmK 2M2`;vX h?2































6B;m`2 jXk, SQi2MiBH 2M2`;v bm`7+2 HQM; *m@J2i #QM/ /BbiM+2 +H+mHi2/ #v mbBM;
p`BQmb ivT2 Q7 .6h 7mM+iBQMHX
h?2 #QM/ +QMbiMib Q7 *m@J2i #QM/ Q#iBM2/ 7`QK i?2 TT`QtBKiBQM Q7 }iiBM; MHvbBb
r2`2 bmKK`Bx2/ BM h#H2 kX h?2 *m@J2i #QM/ +QMbiMib Q#iBM2/ 7`QK i?2 }iiBM; T`Q@
+2/m`2 r2`2 bmKK`Bx2/ BM h#H2 kX q2 7QmM/ i?i Jye T`Q/m+2 i?2 ?B;?2bi pHm2 Q7
#QM/ +QMbiMibX AM/22/- i?2 #QM/ +QMbiMi Q#iBM2/ 7`QK Jye +H+mHiBQM U9jXe9 F+Hf@
KQHV Bb HKQbi irQ iBK2b ?B;?2` i?M i?Qb2 Q#iBM2/ 7`QK ω"Nds UkyX9e F+HfKQHV- b
i?2 b2+QM/ ?B;?2`X h?Bb bm;;2bi i?i HQM;@`M;2 BMi2`+iBQM Q7 *m@J2i #QM/ Bb T`2b2Mi2/
#v Jye +H+mHiBQM BM i?2 bi`QM;2` rvX Hi?Qm;? i?2 2tT`2bbBQM Q7 2tTHB+Bi HQM;@`M;2
+Q``2+iBQM /Q2b MQi BMpQHp2/ BM Jye 7mM+iBQMH- #mi i?Bb 7mM+iBQMH miBHBx2b  KBtBM;
b+?2K2 Q7 K2i@:: 2t+?M;2 7mM+iBQMH rBi? MQM@HQ+H >6 2t+?M;2 7mM+iBQMH BM 
T`QT2` rvX 6Q` i?2 +b2 Q7 #QM/ +QMbiMi- i?2 KBtBM; b+?2K2 BM ?v#`B/ Jye Bb 7QmM/ iQ
#2 KQ`2 /QKBMMi i?M i?2 +QMi`B#miBQM Q7 2tTHB+Bi G* b+?2K2 BM G*@.6hX "v +QKT`@
BM; iQ MQi?2` ?v#`B/ 7mM+iBQMH- i?2 #QM/ +QMbiMi Q#iBM2/ 7`QK Jye +H+mHiBQM Bb
HKQbi b2p2M iBK2b ?B;?2` i?M i?Qb2 Q#iBM2/ 7`QK "jGuS +H+mHiBQM UeXed F+HfKQHVX
h?Bb Bb `2Hi2/ iQ i?2 7+i i?i Jye miBHBx2 K2i@:: 2t+?M;2 7mM+iBQMH BMbi2/ Q7
Tm`2 :: 7mM+iBQMH- b mb2/ BM "jGuSX(8N) b r2 2tT2+i2/- "GuS T`2b2Mi i?2 r2F2bi
HQM;@`M;2 BMi2`+iBQM Q7 *m@J2i #QM/ /m2 iQ i?2 H+F Q7 G* b+?2K2X
jXjXk _2/Qt SQi2MiBH M/ JtBKmK #bQ`TiBQM qp2H2M;i?
h?2 THQi Q7 `2HiBp2 `2/Qt TQi2MiBH b  7mM+iBQM Q7 *m@J2i #QM/ /BbiM+2 Bb T`2b2Mi2/
BM 6B;m`2 jXjX 6`QK i?2 6B;m`2- r2 +QM}`Kb i?2 +QMi`B#miBQM Q7 i?2 BMi2`+iBQM #2ir22M
*m M/ tBH J2i HB;M/ iQ `2/Qt TQi2MiBHX h?2 pHm2 Q7 `2/Qt TQi2MiBH Bb 7QmM/ iQ #2
/2+`2b2/ HQM; rBi? i?2 BM+`2bBM; Q7 i?2 #QM/ /BbiM+2X AM i?Bb +H+mHiBQM- r2 7QmM/
i?i i?2 b2`B2b Q7 G*@.6h Bb KQ`2 b2MbBiBp2 iQ i?2 +?M;2 Q7 i?2 #QM/ /BbiM+2 i?M
*?Ti2` h?`22 99
h#H2 jXk, 6BiiBM; T`K2i2` 7Q` #QM/ /BbiM+2 Q7 *m@J2iX









































6B;m`2 jXj, _2HiBp2 `2/Qt TQi2MiBH b  7mM+iBQM Q7 *m@J2i #QM/ /BbiM+2X
MQM@G*@.6hX KQM;bi G*@.6h- G*@"GuS T`2b2Mi i?2 KQbi b2MbBiBp2 7mM+iBQMH rBi?
i?2 i2M/2M+v Bb +HQb2 iQ ω"Nds 7mM+iBQMHX J2Mr?BH2- S"1 M/ "GuS 7mM+iBQMH Bb
Km+? H2bb b2MbBiBp2 iQ i?2 +?M;2 Q7 i?2 #QM/ /BbiM+2- r?B+? +Q``2bTQM/ iQ bBKBH` G*
b+?2K2 /2}+B2M+vX h?Bb `2bmHib BM/B+i2 i?2 2z2+i Q7 G* b+?2K2 QM i?2 #QM/ /BbiM+2
b2MbBiBpBiv Q7 .6h 7mM+iBQMH 7Q` `2/Qt TQi2MiBH +H+mHiBQMX
"2`BM; QM ++m`+v- i?2 `2HiBp2 2``Q` Q7 `2/Qt TQi2MiBH Bb +H+mHi2/ M/ b?QrM BM
6B;m`2 jX9 q2 7QmM/ TQQ` `2bmHib T`Q/m+2/ 7`QK Tm`2 :: +H+mHiBQM i?i Bb BM/B+i2/
#v ?B;? pHm2 Q7 i?2 2``Q`X q2 HbQ 7QmM/ i?i i?2 ++m`+v Q7 G*@.6h +H+mHiBQM Bb
#2ii2` i?M MQM@G*@.6h +H+mHiBQM- 2t+2Ti 7Q` JyeX h?2 ++m`+v Q7 Jye Bb `2HiBp2Hv
bBKBH` iQ G*@.6h +H+mHiBQMX AM i?Bb +b2- i?2 T2`7Q`KM+2 Q7 KBtBM; b+?2K2 Q7
2t+?M;2 7mM+iBQMH BM Jye Bb [mBi2 bBKBH` iQ i?2 +QMi`B#miBQM Q7 G* b+?2K2 BM G*@.6hX
h?2 ω"Nds 7mM+iBQMH T`Q/m+2 i?2 #2bi `2bmHi BM/B+i2 i?i i?2 G* b+?2K2 BKTH2K2Mi2/
BM i?Bb 7mM+iBQMH Bb #2ii2` i?M Qi?2`bX q2 T`2b2Mi i?2 +QMi`B#miBQM Q7 G* b+?2K2



























































































6B;m`2 jX8, h?2 `2HiBp2 #bQ`TiBQM rp2H2M;i? b  7mM+iBQM Q7 *m@J2i #QM/ /BbiM+2X
h?2 miBHBxiBQM Q7 G* b+?2K2 BM "GuS M/ "jGuS `2/m+2 i?2 2``Q` #v yXNd U7`QK RX9y
iQ yX9jV M/ yXjy U7`QK yXeR iQ yXjRV- `2bT2+iBp2HvX h?Bb `2bmHib bm;;2bi i?2 +QMi`B#miBQM
Q7 i?2 G* b+?2K2 iQ BKT`Qp2 i?2 ++m`+v Q7 `2/Qt TQi2MiBHX
q2 T`2b2Mi i?2 THQi Q7 `2HiBp2 Jq b  7mM+iBQM Q7 *m@J2i #QM/ /BbiM+2 BM 6B;m`2 jX8X
6`QK i?2 };m`2- r2 +QM}`K i?i i?2 #QM/ /BbiM+2 Q7 *m@J2i #QM/ ;Bp2  +QMi`B#miBQM
iQ JqX h?2 rp2H2M;i? Bb 7QmM/ iQ #2 BM+`2b2/ HQM; rBi? i?2 BM+`2bBM; Q7 i?2 #QM/
/BbiM+2X h?2 i2M/2M+v Q7 "GuS M/ S"1 7mM+iBQMH `2 7QmM/ iQ #2 bBKBH` b i?2
+QMb2[m2M+2 Q7 bBKBH` ivT2 Q7 Tm`2 :: .6h 7mM+iBQMHX AM i?2 i2`K Q7 Jq- Jye Bb
7QmM/ iQ #2 i?2 KQbi b2MbBiBp2 iQ i?2 +?M;2 Q7 #QM/ /BbiM+2X >Qr2p2`- Mv bB;MB}+Mi
+QMi`B#miBQM Q7 G* b+?2K2 Bb MQi 7QmM/ BM i?2 b2MbBiBpBiv Q7 i?2 #QM/ /BbiM+2 iQ JqX
*?Ti2` 6Qm` 9e
AM i?2 i2`K Q7 i?2 ++m`+v Q7 Jq- r2 7QmM/ i?i Tm`2 ::b +H+mHiBQM T`Q/m+2 i?2
`2bmHi i?i Bb KQ`2 ++m`i2 i?M G* Tm`2 ::bX h?Bb `2bmHib +Q``2bTQM/ iQ i?2 7+i
i?i Jq Q7 hR*m KBMHv `Bb2/ #v 2H2+i`QM i`MbBiBQM 7`QK dx2−y2 Q`#BiH Q7 *m iQ π
Q`#BiH Q7 *vb bmH7m`X AM i?Bb i`MbBiBQM- J2i Q`#BiH ?b MQ +QMi`B#miBQM M/ i?mb i?2
b?Q`i@`M;2 BMi2`+iBQM Q7 *m@*vb Bb KQ`2 /QKBMMi i?M HQM;@`M;2 BMi2`+iBQM Q7 *m@
J2iX J2Mr?BH2- i?2 KQbi ++m`i2 `2bmHi rb Q#iBM2/ 7`QK Jye +H+mHiBQM- BM r?B+?
i?2 ++m`+v Bb HKQbi bBKBH` iQ "jGuSǶbX h?Bb }M/BM; TQBMi Qmi i?2 +QMi`B#miBQM Q7
KBtBM; b+?2K2 BM ?v#`B/ 7mM+iBQMH BM 2M?M+BM; i?2 #BHBiv iQ ?M/H2 #Qi? b?Q`i M/
HQM;@`M;2 BMi2`+iBQMX
jX9 *QM+HmbBQM
AM bmKK`v- r2 ?p2 BMp2biB;i2/ M/ +QM}`K2/ i?2 +QMi`B#miBQM Q7 tBH HB;M/ QM
i?2 T`QT2`iB2b Q7 hR*m T`Qi2BM- BX2X #QM/ +QMbiMi- `2/Qt TQi2MiBH M/ JqX hQ
T2`7Q`K i?2 +H+mHiBQM- b2p2`H ivT2 Q7 .6h 7mM+iBQMH i?i `2T`2b2Mi bQK2 +Hbb Q7
.6h 7mM+iBQMH r2`2 +?Qb2M- BX2X UBV Tm`2 ;2M2`HBx2/ ;`/B2Mi TT`QtBKiBQM U::V
US"1 M/ "GuSV- UBBV ?v#`B/ U"jGuS M/ JyeV- UBBBV HQM;@`M;2 +Q``2+i2/ UG*V@::
UG*@"GuS M/ G*@S"1V- M/ UBpV G* ?v#`B/ U"Nds M/ *J@"jGuSVX _2;`/BM; QM
HQM;@`M;2 BMi2`+iBQM Q7 *m@J2i #QM/- r2 +QM}`K2/ i?2 +QMi`B#miBQM Q7 G* b+?2K2
M/ ?v#`B/ b+?2K2 Q7 .6h BM BKT`QpBM; i?2 ++m`+v Q7 `2/Qt TQi2MiBH +H+mHiBQMX
h?Bb `2bmHi +Q``2bTQM/ iQ i?2 #BHBiv Q7 i?Qb2 G*@.6h M/ ?v#`B/ .6h BM ++QmMiBM;
i?2 HQM;@`M;2 BMi2`+iBQMX >Qr2p2`- b 7Q` Jq +H+mHiBQM- r2 7QmM/ i?i G* b+?2K2
/Q MQi T2`7Q`K r2HH #2+mb2 b?Q`i@`M;2 BMi2`+iBQM Bb KQ`2 /QKBMMi i?M HQM;@`M;2
BMi2`+iBQM BM i?Bb +H+mHiBQMX
*?Ti2` 9
h?2Q`2iB+H aim/v QM i?2
*QMi`B#miBQM Q7 aTBM ai`m+im`2 iQ
_2/Qt SQi2MiBH Q7 (k62@ka) *Q`2
*Hmbi2` 7`QK A`QM@amH7m` S`Qi2BMb
9XR AMi`Q/m+iBQM
A`QM bmH7m` T`Qi2BMb `2 mbmHHv 2tBbi BM HBpBM; Q`;MBbK M/ iF2  `QH2 BM p`B2iv T`Q@
+2bb2b BM #BQHQ;B+H bvbi2Kb- bm+? b MBi`Q;2M }tiBQM- T?QiQbvMi?2bBb- M/ `2bTB`iBQMX(je-
RyN- RRy) h?Bb T`Qi2BMb T`2b2Mi  #`Q/ `M;2 Q7 `2/Qt TQi2MiBH M/ i?mb HHQr i?2K iQ
BMi2`+i rBi? KMv ivT2b Q7 `2/Qt bm#bi`i2b #v +iBM; b 2H2+i`QM +``B2`bX(kN- jy) h?Bb
T`Qi2BMb +QMiBM QM2 Q` KQ`2 B`QM@bmH7m` +Hmbi2`b i?i +QKT`Bb2/ #v QM2 iQ 2B;?i B`QM
iQKb- +vbi2BM2Ƕb bmH7m` iQKb- M/ BMQ`;MB+ +B/ H#BH2 bmH7m`b i?i +QMM2+i i?2 +Hmbi2`
rBi? T2TiB/2bX AM bmTTQ`iBM; #BQHQ;B+H T`Q+2bb2b- i?Bb +Hmbi2`b T`2b2Mi M BKTQ`iMi `QH2
BM b2p2`H 7mM+iBQMb bm+? b `/B+H +?BM bi#BHBxiBQM-(je) `2/Qt `2+iBQM-(kN- jy) M/
G2rBb +B/bX(j8) h?2 +HbbB}+iBQM Q7 B`QM@bmH7m` +Hmbi2`b `2 bm;;2bi2/ BM i?2 #bBb Q7 i?2
MmK#2` Q7 B`QM M/ bmH7m` iQKb- bi`m+im`H KQiB7- M/ Bib 2H2+i`Q+?2KB+H M/ bT2+i`Q@
b+QTB+ T`QT2`iB2bX(RyN) .2bTBi2 i?2 bBKBH`Biv Q7 B`QM@bmH7m` +Hmbi2`b BM b2p2`H B`QM@bmH7m`
T`Qi2BMb- i?2 `2bB/m2b Q7 i?Qb2 T`Qi2BMb `2 7QmM/ iQ BMi2`+i rBi? i?2 +Hmbi2` BM /Bz2`2Mi
rvX >2M+2- BM Q`/2` iQ FMQr i?2 7mM+iBQM Q7 i?Bb T`Qi2BM- Bi Bb M2+2bb`v iQ FMQr i?2
2MpB`QMK2MiH 2z2+i BM i?2 pB+BMBiv Q7 i?2 +Hmbi2`X
A`QM@bmH7m` T`Qi2BMb `2 +HbbB}2/ BMiQ b2p2`H +Hbb2bX 62``2/QtBMb Bb QM2 Q7 i?Qb2 +Hbb2b
i?i T`2b2Mi HQr KQH` Kbb M/ HbQ bmTTQ`i b2p2`H #BQHQ;B+H Ti?rvb Q7 2H2+i`QM
9d
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i`Mb72` #v +iBM; b 2H2+i`QM +``B2`bX(jN) h?Bb T`Qi2BMb `2 `2+Q;MBx2/ 7`QK i?2 72im`2
Q7 1S_ bB;MH b i?i 7`QK  MQM?2K2 B`QMX(RRR- RRk) aBKBH` iQ i?2 Qi?2` B`QM@bmH7m`
T`Qi2BM- 72``2/QtBMb ?p2 HbQ  #`Q/ `M;2 Q7 `2/Qt TQi2MiBH i?i HHQr i?2K iQ BMi2`@
+i rBi?  p`BQmb ivT2 Q7 `2/Qt bm#bi`i2 BM b2p2`H BKTQ`iMi T`Q+2bb2b BM #BQHQ;B+H
bvbi2KbX(kN- jy- RyN- RRj)
6m`i?2`KQ`2- 72``2/QtBMb `2 +HbbB}2/ BMiQ b2p2`H +Hbb2bX (k62@ka) 72``2/QtBM Bb QM2
Q7 72``2/QtBMb +Hbb2b i?i +QMiBM  +QKTH2t +Hmbi2` Q7 irQ B`QM iQKb- irQ BMQ`;MB+
bmH7m` iQKb- M/ 7Qm` +vbi2BM2 i?BQHi2bX (k62@ka) 62``2/QtBMb ?p2 ii`+i2/ Km+?
BMi2`2bi 7Q` i?2B` 7mM+iBQM BM bmTTQ`iBM; KMv #BQHQ;B+H T`Q+2bb2b- M/ i?mb i?2 MmK@
#2` Q7 bim/B2b iQ 2tTHQ`2 bi`m+im`2@7mM+iBQM `2HiBQMb?BTb Q7 i?Bb T`Qi2BM ?p2 HbQ #22M
BM+`2b2/X (jj- RRjĜRR8) AM RNek- h;r M/ `MQM ?p2 Q#iBM2/ i?2 }`bi +`vbiH bi`m+@
im`2 Q7  +HQbi`B/BmK 72``2/QtBM #v mbBM; s@`v bim/B2bX h?2v +QMiBMm2 i?2B` bim/v rBi?
i?2 K2bm`2K2Mi Q7 `2/Qt TQi2MiBH Q7 i?2 T`Qi2BMX(RR8) _2;`/BM; B`QM@bmH7m` +Hmbi2`-
"m+?MM 2iXHX +QM}`K2/ i?2 2tBbi2M+2 Q7 BMQ`;MB+ bmH7m` iQK BM i?2 +Hmbi2`- BM r?B+?
i?2 KQmMi Q7 bmH7m` Bb 2[mBKQH` rBi? MQM@?2K2 B`QM T`Qi2BMX(jj) 6m`i?2`KQ`2- h;r
M/ `MQM `2BMp2biB;i2/ i?2 `2/Qt TQi2MiBH M/ biQB+?BQK2i`v Q7 2H2+i`QM i`Mb72` T`Q@
+2bb Q7 72``2/QtBMX(RR8) ++Q`/BM; iQ i?2B` bim/B2b- i?2 pHm2 Q7 `2/Qt TQi2MiBH Q7 bTBM+?
72``2/QtBM Bb 7QmM/ b #Qmi @9ky KoX
AM Q`/2` iQ 2M?M+2 i?2 mM/2`biM/BM; Q7 i?Bb T`Qi2BM- b2p2`H i?2Q`2iB+H bim/B2b Q7
72``2/QtBMb ?p2 HbQ #22M +QM/m+i2/X(RReĜRky) LQQ/H2KM M/ +QrQ`F2`b T2`7Q`K2/
s pH2M+2 #QM/ b+ii2`2/ rp2 Us@o"@aqV +H+mHiBQM iQ BMp2biB;i2 i?2 bi`m+im`2 Q7
p`BQmb +Hmbi2` i?i Bb KBKB+F2/ i?2 B`QM@bmH7m` +Hmbi2`X(RRe) h?2B` bim/B2b `2p2H i?i i?2
#QM/b #2ir22M B`QM M/ BMQ`;MB+ #`B/;BM; bmH7m` `2 bi`QM;2` i?M i?2 #QM/b #2ir22M
B`QM M/ bmH7m` Q7 i?BQHi2X h?2M- LQQ/H2KM M/ +QrQ`F2`b +QMiBMm2/ i?2B` bim/B2b rBi?
i?2 2biBKiBQM Q7 MiB72``QK;M2iB+ +QmTHBM; +QMbiMib BM i?2 +Hmbi2` #v mbBM; #`QF2M
bvKK2i`v MHvbBbX(RRd) 1p2M i?Qm;? i?2v Q#iBM M Qp2`2biBKi2/ `2bmHib +QKT`2 iQ
i?2 +Q``2bTQM/BM; 2tT2`BK2MiH /i- #mi i?2v 7QmM/ i?2 i2M/2M+v Q7 i?2 `2bmHib Bb BM
;`22K2Mi i?2 2tT2`BK2MiH /i- r?B+? BM/B+i2 i?2 pHB/Biv Q7 i?2 K2i?Q/X
J2Mr?BH2- JQm2b+ M/ +QrQ`F2`b +H+mHi2/ `2/Qt TQi2MiBH Q7 B`QM@bmH7m` +Hmbi2` #v
miBHBxBM; b2p2`H T`K2i2`b BMiQ i?2B` +H+mHiBQM- BX2X ;`QmM/ bii2 2M2`;B2b- bTBM >KBH@
iQMBM- M/ `2bQMM+2 /2HQ+HBxiBQMX h?2v TT`QtBKi2/ i?2 pHm2 Q7 i?Qb2 T`K2i2`b
7`QK i?2 `2bmHib Q7 +H+mHiBQM BM HQr bTBM M/ ?B;? bTBM bii2X(RR3) "v mbBM; i?Qb2 T@
`K2i2`b- i?2v Q#iBM2/  `2bmHib i?i `2 BM ;QQ/ ;`22K2Mi rBi? 2tT2`BK2MiH /iX
AM i?2B` +H+mHiBQMb- i?2v HbQ bm;;2bi2/ i?2 +QM+2Ti Q7 bTBM M/ 2H2+i`QM /2HQ+HBxiBQM
#`v+2Mi2` i?i Bb bBKBH` iQ i?2 +QM+2Ti Q7 HB;M/ }2H/ bi#BHBxiBQM i?2Q`vX a2p2`H 7+@
iQ`b i?i /2i2`KBM2 i?2 K;MBim/2 Q7 `2/Qt TQi2MiBH Q7 72``2/QtBMb T`Qi2BM ?p2 #22M
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MHvx2/ #v "M+B M/ +QrQ`F2`bX h?2v +QM}`K2/ i?2 +QMi`B#miBQM Q7 i?2 M2i +?`;2b
Q7 +B/B+ M/ #bB+ ;`QmTb iQ i?2 rB/2 `M;2 Q7 `2/Qt TQi2MiBH Q7 72``2/QtBM T`Qi2BMbX
_2+2MiHv- r2 ?p2 bm;;2bi2/ M ++m`i2 TT`QtBKiBQM K2i?Q/ iQ +H+mHi2 i?2 `2/Qt
TQi2MiBHb Q7 Q`;MB+ M/ BMQ`;MB+ +QKTQmM/ #v K2Mb Q7 2H2+i`QMB+ bi`m+im`2 +H+mH@
iBQMb rBi? bQHpiBQM KQ/2HbX(RkRĜRkj) aBM+2 i?2 2biBKiBQM Q7 bQHpiBQM 7`22 2M2`;B2b Q7
?B;?Hv +?`;2/ BQMb #v mbBM; bQHpiBQM KQ/2H Q7i2M 7BH- i?2 +H+mHiBQM Q7 `2/Qt TQi2MiBH
Q7 i`MbBiBQM K2iH +QKTH2t2b rBi? Yjf@j +?`;2b #v mbBM; +QMp2MiBQMH K2i?Q/b Bb Qp2`
Q` mM/2`2biBKi2/ i?2 2tT2`BK2MiH /iX Gi2`- #v //BM; +Q``2+iBQM i2`Kb Q`B;BMi2/
7`QK +QmMi2` BQM `QmM/ i?2 K2iH +QKTH2t2b- `272``2/ b  Sb2m/Q *QmMi2` AQM aQHp@
iBQM a+?2K2 US*AaV- r2 ?p2 bm++22/2/ BM `2T`Q/m+BM; i?2 `2/Qt TQi2MiBH Q7 i`MbBiBQM
K2iH +QKTH2t2b rBi?BM yXk8 oX(Rkk) h?2 2MpB`QMK2Mi Q7 T`Qi2BM Bb mbmHHv KQ/2H2/ #v 
/B2H2+i`B+ K2/BmK rBi? ε = 4−10 M/ i?2 /Bz2`2M+2 Q7 i?2 `2bmHib #v mbBM; i?2 bQHpiBQM
KQ/2H M/ i?Qb2 #v `2H KQ/2Hb `2T`2b2Mi i?2 BKTQ`iM+2 Q7 i?2 +imH T`Qi2BM 2MpB@
`QMK2MiX >2M+2- `2/Qt TQi2MiBH Q7 K2iHHQT`Qi2BMb bm+? b ?2K2 T`Qi2BMb- B`QM@bmH7m`
T`Qi2BMb- M/ +QTT2` T`Qi2BMb Bb BMi2`2biBM; iQ #2 2biBKi2/ #v mbBM; i?2 T`2b2Mi K2i?Q/
M/ 2pHmi2 i?2 T2`7Q`KM+2 Q7 i?2 K2i?Q/X
h?Bb bim/v BK iQ +H+mHi2 i?2 `2/Qt TQi2MiBH Q7 irQ (k62@ka) 72``2/QtBMb- BX2X- bTBM+?
72``2/QtBM M/ /`2MQ/QtBMX _2;`/BM; ++m`+v- i?2 `2HiBp2 pHm2b Q7 `2/Qt TQi2MiBHb
#2ir22M irQ T`Qi2BMb `2 MHvx2/- BMbi2/ Q7 #bQHmi2 QM2b iQ `2/m+2 bvbi2KiB+ 2``Q`X
S`iB+mH`Hv- r2 BMp2biB;i2/ i?2 +QMi`B#miBQM Q7 .6h 7mM+iBQMHb M/ irQ #bBb b2ib
rfrQ /Bzmb2 7mM+iBQM iQ `2/Qt TQi2MiBHX h?2 +QMi`B#miBQM Q7 .6h 7mM+iBQMHb Bb BMp2b@
iB;i2/ #v miBHBxBM; irQ ivTB+H .6h 7mM+iBQMHb- BX2X "jGuS M/ JyeX Jye- i?i Bb
Q`B;BMHHv T`QTQb2/ #v w?Q M/ h`m?H`-(8N- 38) ?b #22M `2TQ`i2/ iQ ;Bp2 #2ii2` `2bmHib
i?M "jGuS 7Q` i?2 +H+mHiBQM Q7 Q`;MB+ M/ BMQ`;MB+ KQH2+mH2bX(3eĜ33) q2 T`2b2Mi 
+Hmbi2` KQ/2H +QMiBMBM; M (k62@ka) B`QM@bmH7m` +Hmbi2` rBi? b2p2`H TQbbB#H2 bTBM bii2bX
h?mb- 7Qm` bTBM TT`QtBKiBQMb `2 miBHBx2/ `2Hi2/ iQ i?2 bTBM Bbbm2- b rBHH 2tTHBM #2@
HQrX h?2 bQHp2Mi +QMi`B#miBQM `QmM/ i?2 +Hmbi2` rb i`2i2/ #v mbBM; BKTHB+Bi bQHpiBQM
KQ/2HX h?2 +QK#BMiBQM Q7 i?2 K2i?Q/QHQ;B2b M/ bTBM TT`QtBKiBQM `2 bmKK`Bx2/
BM `2HiBQM iQ i?2 ++m`+v Q7 i?2 `2/Qt TQi2MiBH Q7 (k62@ka) 72``2/QtBMbX AM //BiBQM-
i?2 bBM;Hv Q++mTB2/ Mim`H Q`#BiH UaPLPV M/ iQKB+ T`iBH +?`;2 Q7 i?2 +Hmbi2` BM




9XkXR h?2 JQ/2H Q7 A`QM@amH7m` *Hmbi2`
h?2 +H+mHiBQMb r2`2 T2`7Q`K2/ #v mbBM; irQ ivTB+H .6h 7mM+iBQMHb- BX2X "jGuS
M/ Jye- +QK#BM2/ rBi? irQ #bBb b2ib- BX2X e@jR:U/V M/ e@jR:U/-TV- rfrQ /Bzmb2
7mM+iBQMbX HH +H+mHiBQMb r2`2 +QM/m+i2/ #v mbBM; :mbbBM yN T`Q;`K T+F;2X(Nk)
q2 BMp2biB;i2/ irQ B`QM@bmH7m` T`Qi2BMb- BX2X 72``2/QtBM M/ /`2MQ/QtBM- 7Q` ivTB+H
2tKTH2X h?2 KQ/2Hb Q7 B`QM@bmH7m` +Hmbi2` r2`2 T`2T`2/ 7`QK s@`v +`vbiH bi`m+im`2b
Q7 72``2/QtBM US."A. Rdy(Rk9)V M/ /`2MQ/QtBM US."A. kJC.(Rk8) M/ kJC1(Rk8)VX
h?2 +Hmbi2`b +QMbBbi Q7 irQ B`QMb- irQ #`B/;BM; bmH7m` iQK- M/ 7Qm` K2i?vHi?BQHi2b b
 `2TH+2K2Mi Q7 +vbi2BM2 `2bB/m2b- b b?QrM BM 6B;m`2 9XRX h?2 ?v/`Q;2M iQKb r2`2
//2/ BMiQ i?2 +Hmbi2` M/ r2`2 QTiBKBx2/ #v mbBM; "jGuSfe@jR:U/V- r?BH2 i?2 Qi?2`
?2pv iQKb r2`2 7`22x2/X
9XkXk _2/Qt SQi2MiBH M/ TKa
q2 TT`QtBKi2/  p`BQmb bTBM bii2b Q7 i?2 +Hmbi2`b- `Bb2/ #v +QmTH2/ B`QM- #v mbBM;
b2p2`H bTBM TT`QtBKiBQMbX 6B`biHv- r2 +H+mHi2 i?2 2M2`;v Q7 i?2 +Hmbi2` rBi? i?2 bTBM
bii2 /2}M2/ b ?B;? bTBM U>aV M/ HQr bTBM UGaV- BM r?B+? i?2 2M2`;v BM Ga bii2 rb
TT`QtBKi2/ #v mbBM; #`QF2M bvKK2i`v U"aV i2+?MB[m2X(RRe) b 7Q` i?2 Ga bii2b- Qi?2`
bTBM TT`QtBKiBQM- i?2 bQ@+HH2/ TT`QtBKi2 bTBM T`QD2+iBQM USV- rb HbQ miBHBx2/-
r?B+? Bb 7Q`KmHi2/ b(RkeĜRk3)
EGaS"a = αE
Ga
"a − βE>a, U9XRV
6B;m`2 9XR,  bi`m+im`2 Q7 B`QM@bmH7m` +Hmbi2`X
*?Ti2` 6Qm` 8R
h#H2 9XR, h?2 7Q`KmH Q7 +QmTHBM; +QMbiMi M/ ;`QmM/ bii2 2M2`;vX
PtB/Bx2/ aii2 _2/m+2/ aii2
S1 = S(623+) = 5/2 S1 = S(623+) = 5/2
S2 = S(623+) = 5/2 S2 = S(622+) = 2
B = 1/10 [e(>a)u − e(>a)g]
JQt = 2/25 [E0(>a)− E0("a)] J`2/ = 1/10 [E0(>a)g − E0("a) + 5B]
e(>a)u M/ e(>a)g `2 Q`#BiH 2M2`;B2b #2HQM; iQ u M/ g +QKTQM2Mi Q7











β = α− 1. U9XjV
J2Mr?BH2- r2 HbQ mb2/ MQi?2` bTBM TT`QtBKiBQM iQ 2biBKi2/ i?2 2M2`;v BM Ga bii2X
AM i?Bb TT`QtBKiBQM- i?2 2z2+i Q7 C bTBM +QmTHBM; UC*V BM >2Bb2M#2`; >KBHiQMBM rBi?
M BbQi`QTB+ +Q``2+iBQM Bb +QMbB/2`2/- BM r?B+? i?2 ;`QmM/ bii2 2M2`;v Bb 7Q`KmHi2/
b(RR3- Rky)
E0U:aVQt = E0U"aV− 5/2JQt U9X9V
E0U:aV`2/ = E0U"aV− 2J`2/ U9X8V
r?2`2 J K2Mb i?2 bTBM +QmTHBM; T`K2i2`X q2 miBHBx2/ i?2 T`K2i2` Q7 >2Bb2M#2`;
>KBHiQMBM b?QrM BM h#H2 9XR i?i Bb Q#iBM2/ 7`QK i?2 `272`2M+2X(RR3- Rky) 6`QK h#H2
9XR- S1 M/ S2 `2T`2b2Mi bTBM 2B;2MpHm2b QM irQ B`QM +2Mi2`b- B `2T`2b2Mib `2bQMM+2
/2HQ+HBxiBQM T`K2i2`- M/ S `2T`2b2Mib iQiH bTBMX
_2;`/BM; bQHp2Mi +QMi`B#miBQM `QmM/ i?2 pB+BMBiv Q7 i?2 +Hmbi2`- r2 mb2/ +QM/m+iQ`@
HBF2 TQH`Bx#H2 +QMiBMmmK KQ/2H U*S*JV- rBi? ε = 10- iQ ++QmMi i?2 +QMi`B#miBQM
Q7 bQHp2MiX(N9- N8) HbQ- r2 mb2/ S*Aa K2i?Q/ b M Hi2`MiBp2 bQHpiBQM KQ/2H #v
//BM;  +?`;2@/2T2M/2Mi +Q``2+iBQM i2`K i?i Bb /2`Bp2/ 7`QK  :2M2`HBx2/ "Q`M
i?2Q`vX(Rkk) h?2 BKTH2K2MiiBQM Q7 i?Bb +Q``2+iBQM b+?2K2 +M `2/m+2 2``Q` BM `2/Qt
TQi2MiBH +H+mHiBQM Q7 ?B;?Hv +?`;2/ K2iH +QKTH2t2bX(Rkk) q2 +H+mHi2/ biM/`/
`2/Qt TQi2MiBH UE`2/QtV #v mbBM;  `2HiBQMb?BT Q7 `2/Qt TQi2MiBH M/ i?2 :B##b 7`22






r?2`2 n M/ F `2T`2b2Mi i?2 MmK#2` Q7 2H2+i`QMb- M/ 6`/v +QMbiMi- `2bT2+iBp2Hv-
r?BH2 Ea>1 `2T`2b2Mib #bQHmi2 Q7 biM/`/ ?v/`Q;2M 2H2+i`Q/2- iF2M b 9X9j oX(RkN)
AM i?Bb +H+mHiBQM- i?2 7`22 2M2`;v /Bz2`2M+2 rb /B`2+iHv +H+mHi2/- BMbi2/ Q7 mbBM; 
i?2`KQ/vMKB+ +v+H2X q2 /2}M2/ i?2 7`22 2M2`;v /Bz2`2M+2 b i?2 /Bz2`2M+2 #2ir22M i?2
7`22 2M2`;v Q7 i?2 +Hmbi2` BM QtB/Bx2/ M/ `2/m+2/ bii2b- i?2 bQ@+HH2/ p2`iB+H BQMBxiBQM
TQi2MiBH UoASV- b ;Bp2M #v
ΔG`2/Qt ≈ EQtU[V − E`2/U[V. U9XdV
h?2 i2`Kb Q7 7`22 2M2`;v +Q``2+iBQM r2`2 +QKTH2i2Hv QKBii2/ /m2 iQ i?2 ?B;? +QKTmi@
iBQMH +Qbib Q7 pB#`iBQMH MHvb2bX L2p2`i?2H2bb- Qm` T`2pBQmb bim/v `2p2H2/ i?i i?Bb
TT`QtBKiBQM +M T`Q/m+2  ;QQ/ 2MQm;? `2bmHib 7Q` i?2 +H+mHiBQM Q7 `2/Qt TQi2MiBHb
Q7 K2iH +QKTH2t2bX(Rkk)
q2 HbQ +H+mHi2/ +B/ /BbbQ+BiBQM +QMbiMi UTKaV #v mbBM; 7`22 2M2`;v /Bz2`2M+2 mTQM





r?2`2 R M/ T `2T`2b2Mi ;b +QMbiMi M/ i2KT2`im`2- `2bT2+iBp2HvX h?2 7`22 2M2`;v
rb /2`Bp2/ 7`QK /2T`QiQMiBQM `2+iBQM Ub22 b+?2K2 BM 6B;m`2 9XkV- > ⇐⇒ − +>+-
;Bp2M #v
ΔG/2T = E[(−) +G[(>+)− E[(>) U9XNV
r?2`2 i?2 7`22 2M2`;v +Q``2+iBQM i2`Kb r2`2 ;BM QKBii2/ BM  bBKBH` rv rBi? `2/Qt
TQi2MiBH +H+mHiBQMX 6m`i?2`KQ`2- r2 +H+mHi2/ i?2 7`22 2M2`;v Q7 T`QiQM BM [m2Qmb
T?b2 b
G[(>+) = G;(>+) + ΔG[-bQHp(>+) + ΔG1iK→1J U9XRyV
r?2`2 ΔG[-bQHp(>+) iF2M b @ke8XN F+HfKQHX(Rjy) q2 /2}M2/ i?2 pHm2 Q7 G;(>+)
b @eXk3 F+HfKQH i kN3XR8 E- ++Q`/BM; iQ a+Fm`@h2i`Q/2 2[miBQM 7Q` ;b@T?b2
KQMQiQKB+ bT2+B2bX(RjR) q2 //2/ ΔG1iK→1J- rBi? i?2 pHm2 Bb RX3N F+HfKQH-(Rjk)
iQ +QMp2`i i?2 biM/`/ bii2 7`QK R iK iQ R JQH`X "2`BM; QM T`QiQMiBQM T`Q+2bb- r2
+H+mHi2/ i?2 /Bz2`2M+2 Q7 i?2 +Hmbi2` 2M2`;v BM QtB/Bx2/ M/ T`QiQMi2/ `2/m+2/ bii2-
++Q`/BM; iQ 6B;m`2 9XkX h?Bb pHm2 rBHH BM/B+i2 i?2 T`QiQMiBQM 72bB#BHBiv Q7 i?2 bmH7m`
BM 2+? bBi2X AM //BiBQM- r2 HbQ BMp2biB;i2/ aPLP Q`#BiH Q7 i?2 B`QM@bmH7m` +Hmbi2` BM
`2/m+2/ bii2 #v mbBM; HQ+HBx2/ Mim`H Q`#BiH K2i?Q/X(Rjj) h?2 iQKB+ T`iBH +?`;2b
Q7 i?2 +Hmbi2`b r2`2 HbQ BMp2biB;i2/ #v mbBM; J2`x@aBM;?@EQHHKM b+?2K2X(Nj)
*?Ti2` 6Qm` 8j
9Xj _2bmHib M/ .Bb+mbbBQMb
9XjXR _2/Qt SQi2MiBH
6B`biHv- r2 MHvx2 i?2 `2HB#BHBiv Q7 +QK#BMiBQM Q7 K2i?Q/ M/ bTBM TT`QtBKiBQMb
BM `2T`Q/m+BM; i?2 2tT2`BK2MiH `2bmHibX b 7Q` `272`2M+2- r2 mb2/ i?2 pHm2 Q7 `2/Qt
TQi2MiBH Q7 bTBM+? 72``2/QtBM M/ /`2MQ/QtBM Q#iBM2/ 7`QK 2tT2`BK2MiH /i b @
yX9ko(jj) M/ @yXkdo(Rj9)- `2bT2+iBp2HvX AM i?Bb bim/v- r2 MHvx2 i?2 `2bmHib #v miBHBxBM;
i?2 #bQHmi2 2``Q` /2`Bp2/ 7`QK `2HiBp2 `2/Qt TQi2MiBH UΔEV #2ir22M i?Qb2 T`Qi2BMb-
BX2 ΔE = E72``2/QtBM − E/`2MQ/QtBM- BMbi2/ Q7 #bQHmi2 `2/Qt TQi2MiBHb iQ 2HBKBMi2
bvbi2KiB+ 2``Q`X q2 /2}M2/ i?2 #bQHmi2 2``Q`b 7Q` `2HiBp2 `2/Qt TQi2MiBH mTQM i?2
2tT2`BK2MiH `2bmHib b  /Bz2`2M+2 Q7 `2HiBp2 2``Q` T`Q/m+2/ #v Qm` +H+mHiBQMb M/
2tT2`BK2MiH bim/B2b UΔΔE = |ΔE+H+−ΔE2tT|VX h?2M- r2 TT`QtBKi2/ i?2 `2HB#BHBiv
Q7 +QK#BMiBQM Q7 K2i?Q/b #v 2pHmiBM; i?2 #bQHmi2 2``Q`X q2 T`2b2Mi i?2 #bQHmi2
pHm2 Q7 `2/Qt TQi2MiBH Q7 i?2 +Hmbi2` BM h#H2 9XkX
q2 bmKK`Bx2 i?2 +H+mHiBQM `2bmHib Q7 ΔΔE BM h#H2 9XjX b 7Q` i?2 +H+mHiBQM
#v mbBM; "jGuS rBi?Qmi S*Aa b+?2K2- i?2 BKTH2K2MiiBQM Q7 /Bzmb2 7mM+iBQM /Q MQi
vB2H/ Mv BKT`Qp2K2Mi QM i?2 pHm2 Q7 ΔΔE 7Q` HH bTBM TT`QtBKiBQMb- 2t+2Ti 7Q`
C* TT`QtBKiBQMX q2 7QmM/ i?2 pHm2 Q7 ΔΔE +H+mHi2/ #v "jGuS rBi? >a- "a-
M/ S `2 7QmM/ iQ #2 bBKBH` r?2i?2` i?2 /BzmbBQM 7mM+iBQM Bb BKTH2K2Mi2/ Q` MQiX
>Qr2p2`- i?2 BKTH2K2MiiBQM Q7 /Bzmb2 7mM+iBQM BM C* TT`QtBKiBQM `2/m+2 i?2 2``Q`
#v yXy8 o U7`QK yXke iQ yXkR oVX h?Bb bm;;2bi i?i  HBiiH2 #Bi BKT`Qp2K2Mi Kv #2
Q#iBM2/ 7`QK C* TT`QtBKiBQM- i?Qm;? i?2 pHm2 Bb MQi bB;MB}+MiHv +HQb2` iQ i?2
+Q``2bTQM/BM; 2tT2`BK2MiH /iX h?Bb BKT`Qp2K2Mi Bb `2Hi2/ iQ i?2 7+i i?i i?2
6B;m`2 9Xk, h?2 T`QiQMiBQM KQ/2H Q7 +vbi2BM2 `2bB/m2 BM B`QM@bmH7m` +Hmbi2` Q7 72``2@
/QtBM U/`2MQ/QtBMVX
*?Ti2` 6Qm` 89
h#H2 9Xk, h?2 #bQHmi2 `2/Qt TQi2MiBH Q7 B`QM@bmH7m` +Hmbi2` BM 72``2/QtBM U/`2MQ@
/QtBMV T`Qi2BMX



































































>a, >B;? bTBM- "a, "`QF2M bvKK2i`v- S, TT`QtBKi2/ bTBM
T`QD2+i2/- C*, C bTBM +QmTHBM;
R, "jGuSfe@jR:U/V- k, "jGuSfe@jRYY:U/V- j, Jyefe@jR:U/V-
9, Jyefe@jRYY:U/V
>KBHiQMBM 7Q` i?2 +Hmbi2` BM QtB/Bx2/ M/ `2/m+2/ bii2 Bb /2}M2/ /Bz2`2MiHv BM C*
TT`QtBKiBQMX AM +QMi``v-  bB;MB}+Mi BKT`Qp2K2Mi rb Q#iBM2/ r?2M i?2 /Bzmb2
7mM+iBQM Bb BKTH2K2Mi2/ BM Jye +H+mHiBQM rBi? S TT`QtBKiBQM- BM r?B+? i?2 2``Q`
`2/m+2 #v yXjk o U7`QK yXj8 iQ yXyj oVX
AM i?2 +b2 Q7 oAS rBi? S*Aa b+?2K2- r2 HbQ 7QmM/  HBiiH2 /2T2M/2M+v Q7 #bBb b2i
QM i?2 +H+mHiBQM rBi? "jGuSX L2p2`i?2H2bb- i?2 BKTH2K2MiiBQM Q7 /BzmbBQM 7mM+iBQM
BM i?2 +H+mHiBQM rBi? "a M/ C* lJye ;Bp2 M BKT`Qp2K2Mi Q7 ΔΔE pHm2X h?2
KQbi bB;MB}+Mi BKT`Qp2K2Mi rBi? `2bT2+i iQ i?2 /Bzmb2 7mM+iBQM rb Q#iBM2/ 7`QK
i?2 +H+mHiBQM rBi? S lJye- BM r?B+? i?2 #bQHmi2 2``Q` /2+`2b2b #v yXjy o U7`QK
yXjR iQ yXyR oVX h?Bb }M/BM;b BM/B+i2 i?i i?2 /Bzmb2 7mM+iBQM ;Bp2  +QMi`B#miBQM iQ
BKT`Qp2 i?2 +H+mHiBQM Q7 `2/Qt TQi2MiBH rBi? Jye 7mM+iBQMHX
"2`BM; QM .6h 2t+?M;2 +Q``2HiBQM 7mM+iBQMH- i?2 +H+mHiBQM #v Jye T`Q/m+2 i?2
`2bmHib i?i `2 KQ`2 ++m`i2 i?M i?Qb2 #v "jGuS- 2t+2Ti 7Q` >a M/ S TT`Qt@
BKiBQMb rBi?Qmi /Bzmb2 7mM+iBQMX 6Q` 2tKTH2- BM oAS rBi? S*Aa b+?2K2 M/ "a
TT`QtBKiBQM- i?2 pHm2 Q7 ΔΔE #v "jGuS M/ Jye rBi? /Bzmb2 7mM+iBQM `2 7QmM/
b yXRd M/ yXyN o- `2bT2+iBp2HvX h?Bb /Bz2`2Mi +Q``2bTQM/b iQ irQ ?v#`B/ Bbbm2b- BX2X i?2
ivT2 Q7 2t+?M;2 7mM+iBQMH- M/ i?2 `iBQ Q7 i?2 2t+?M;2 7mM+iBQMH rBi? >6 2t+?M;2
*?Ti2` 6Qm` 88
h#H2 9Xj, h?2 #bQHmi2 2``Q` Q7 `2/Qt TQi2MiBH /Bz2`2M+2X
J2i?Q/ aTBM TT`QtBKiBQM>a "a S C*
oAS b+?2K2
R yXkj yXkR yXky yXke
k yXkj yXkR yXky yXkR
j yXkj yXk3 yXj8 yXR3
9 yXkk yXRj yXyj yXRk
oAS rBi? S*Aa b+?2K2
R yXRN yXRd yXRe yXkk
k yXRN yXRd yXRe yXRd
j yXRN yXk9 yXjR yXkk
9 yXR3 yXyN yXyR yXy3
>a, >B;? bTBM- "a, "`QF2M bvKK2i`v- S, TT`QtBKi2/ bTBM
T`QD2+i2/- C*, C bTBM +QmTHBM;
R, "jGuSfe@jR:U/V- k, "jGuSfe@jRYY:U/V- j, Jyefe@jR:U/V-
9, Jyefe@jRYY:U/V
7mM+iBQMHX 6Q` i?2 7Q`K2` Bbbm2- Jye miBHBx2 K2i@:: 2t+?M;2 7mM+iBQMH +QmTH2/
rBi? 2t+i >6 2t+?M;2- r?BH2 "jGuS miBHBx2 Tm`2 :: 7mM+iBQMHX Pp2`HH- i?2 #2bi
`2bmHi rb Q#iBM2/ 7`QK S lJyefe@jRYY:U/-TV +H+mHiBQM rBi? i?2 #bQHmi2 2``Q`
Q7 yXyR oX
aBM+2 i?2 BKTHB+Bi bQHp2Mi KQ/2H rb mb2/ BM i?Bb +H+mHiBQMb- r2 ?2`2 2pHmi2 i?2
+Q``2HiBQM Q7 i?2 #bQHmi2 2``Q` iQ i?2 BMp2`b2 Q7 ε- BX2X- RfεX b b?QrM BM 6B;m`2 9Xj-
i?2 #bQHmi2 pHm2 Q7 i?2 `2/Qt TQi2MiBH rb 7QmM/ iQ #2 BMp2`b2Hv T`QTQ`iBQMH iQ i?2
/B2H2+i`B+ +QMbiMi- BM r?B+? i?2 i2M/2M+B2b Q7 "jGuS M/ Jye r2`2 HKQbi bBKBH`X
>Qr2p2`- r2 7QmM/ i?i i?2 +H+mHiBQM rBi?BM  `M;2 7`QK̥ 4 R Up+mmKV iQ̥ 4 d3
Uri2`V +M MQi `2T`Q/m+2/ i?2 2tT2`BK2MiH `2bmHib 7Q` M2Bi?2` i?2 bTBM+? 72``2/QtBM
U@yX9k oV MQ` /`2MQ/QtBM U@yXkd oVX h?Bb BM/B+i2b i?2 H+Fb Q7 T`Qi2BM 2MpB`QMK2Mi
i?i BM i?2 T`2b2Mi KQ/2HX
9XjXk +B/ *QMbiMi UTKaV
_2;`/BM; T`QiQMiBQM T`Q+2bb- r2 T`2b2Mi2/ i?2 T`QiQMiBQM TQbbB#BHBiv Q7 (k62@ka) +Hmb@
i2` #v /2i2`KBMBM; TKa pHm2b Q7 i?BQH ;`QmTb BM +vbi2BM2 Ub22 h#H2 9X9VX q2 7QmM/ i?i
HH TKa pHm2 Bb H`;2` i?M d BM/B+iBM; i?2 2tBbi2M+2 Q7 i?Qb2 `2bB/m2b BM /2T`QiQMi2/
bii2 mTQM i?2 `2/m+iBQM BM pBpQX  72r K2i?Q/QHQ;v /2T2M/2M+2 QM TKa Bb 7QmM/ BM
TKa +H+mHiBQM Q7 72``2/QtBMX PM i?2 +QMi``v- i?2 K2i?Q/QHQ;v /2T2M/2M+v QM TKa Bb
7QmM/ iQ #2 H`;2 BM TKa +H+mHiBQM Q7 /`2MQ/QtBMX h?2 +QMi`B#miBQM Q7 /Bzmb2 7mM+@
iBQM iQ TKa pHm2b Bb 7QmM/ /Bz2`2MiHv BM i?2 +H+mHiBQM Q7 "jGuS M/ JyeX :2M2`HHv-
i?2 BKTH2K2MiiBQM Q7 /Bzmb2 7mM+iBQM H2/ iQ i?2 /2+`2bBM; UBM+`2bBM;V Q7 TKa pHm2b
*?Ti2` 6Qm` 8e
h#H2 9X9, h?2 +H+mHi2/ TKa pHm2 Q7 72``2/QtBM U/`2MQ/QtBMVX

































R, "jGuSfe@jR:U/V- k, "jGuSfe@jRYY:U/V- j, Jyefe@jR:U/V-
9, Jyefe@jRYY:U/V
#v "jGuS UJyeV 2t+2Ti 7Q` TKa2 UJye 2t+2Ti 7Q` TKa1VX q2 HbQ 7QmM/ i?i TKa4 Q7
72``2/QtBMb T`2b2Mi i?2 HQr2bi TKa pHm2 +QKT`2 iQ MQi?2` bBi2b +H+mHi2/ #v mbBM;
HH K2i?Q/b- r?BH2 i?2 HQr2bi TKa pHm2 Q7 /`2MQ/QtBM Bb T`2b2Mi2/ #v TKa1 7Q` K2i?Q/
R M/ kX h?Bb +Q``2bTQM/ iQ i?2 +QM};m`iBQMb Q7 HH T`QiQMi2/ +Hmbi2`b i?i `2 +HQb2Hv
bBKBH` 2+? Qi?2`X >Qr2p2` (k62@ka) +Hmbi2`b `2 bHB;?iHv /2pBi2/ BM #Qi? T`Qi2BM- r?B+?
z2+i iQ i?2 #bQHmi2 `2/Qt TQi2MiBHb Q7 i?2b2 (k62@ka) T`Qi2BMbX
9XjXj aBM;Hv P++mTB2/ Lim`H P`#BiH UaPLPV
q2 T`2b2Mi2/ bBM;Hv Q++mTB2/ Mim`H Q`#BiH UaPLPV Q7 i?2 B`QM@bmH7m` +Hmbi2`b BM `2@
/m+2/ bii2- b b?QrM BM 6B;m`2 9X9- iQ +QM}`K i?2 bBi2 /2T2M/2M+v Q7 TKa M/ i?2
/Bz2`2M+2 Q7 `2/Qt TQi2MiBHb #2ir22M irQ T`Qi2BMbX LBM2 aPLP Q`#BiHb i?i ?p2 #22M
B/2MiB}2/ +Q``2bTQM/ iQ 72``QK;M2iB+ bii2 Q7 i?2 B`QM@bmH7m` +Hmbi2`X h?Qb2 MBM2 Q`@
#BiHb +QMbBbi Q7 M Q`#BiH i?i `2T`2b2Mi  KBt Q7 dz2 Q`#BiH #2ir22M #Qi? B`QM iQKb-
6B;m`2 9Xj, h?2 /2T2M/2M+v Q7 #bQHmi2 `2/Qt TQi2MiBH Q7 72`2/QtBM BM +Hmbi2`
KQ/2H M/ ΔΔE b  7mM+iBQM Q7 BMp2`b2 /B2H2+i`B+ +QMbiMi #v "jGuS M/ lJyefe@
jRYY:U/-TVX
*?Ti2` 6Qm` 8d
UV P`#BiH R U#V P`#BiH k U+V P`#BiH j
U/V P`#BiH 9 U2V P`#BiH 8 U7V P`#BiH e
U;V P`#BiH d U?V P`#BiH 3 UBV P`#BiH N
6B;m`2 9X9, aBM;Hv Q++mTB2/ Mim`H Q`#BiH UaPLPV Q7 i?2 B`QM@bmH7m` +Hmbi2` BM 
`2/m+2/ bii2X >v/`Q;2M iQKb `2 M2;H2+i2/ 7Q` +H`Biv `2bQMX
7Qm` Q`#BiHb HQ+HBx2/ `QmM/ 623+ iQK M/ 7Qm` Q`#BiHb HQ+HBx2/ `QmM/ 622+ iQKX
AM Q`#BiH R U6B;m`2 9X9V- r2 B/2MiB}2/ 7Qm` #QM/BM; BMi2`+iBQMb #2ir22M dz2 Q`#BiH Q7
B`QM M/ σ Q`#BiH Q7 #`B/;BM; bmH7m` iQKX q2 HbQ B/2MiB}2/ MiB@#QM/BM; BMi2`+iBQM
#2ir22M dz2 Q`#BiH Q7 B`QM M/ σ Q`#BiH Q7 +vbi2BM2 bmH7m` iQKX h?Bb }M/BM; +QM}`Kb
i?i i?2 BMi2`+iBQM #2ir22M B`QM M/ #`B/;BM; bmH7m` iQK Bb bi`QM;2` i?M i?2 BMi2`+@
iBQM #2ir22M B`QM M/ +vbi2BM2 bmH7m` iQKX  HQ+HBx2/ dz2 Q`#BiHb `QmM/ 2+? B`QM
iQK r2`2 HbQ 7QmM/ BM Q`#BiH k iQ N U6B;m`2 9X9VX AM i?Qb2 Q`#BiHb- dz2 Q`#BiHb Q7 B`QM
rb HbQ 7QmM/ iQ BMi2`+i rBi? +vbi2BM2 bmH7m` iQK #v MiB@#QM/BM; BMi2`+iBQMX
:2M2`H *QM+HmbBQM 83
9XjX9 iQKB+ S`iBH *?`;2
q2 T`2b2Mi2/ i?2 iQKB+ T`iBH +?`;2b Q7 i?2 B`QM@bmH7m` +Hmbi2` BM 72``2/QtBM M/
/`2MQ/QtBM b b?QrM BM h#H2 9X8X b 2tT2+i2/- i?2 T`iBH +?`;2 Q7 621 U62jYV
iQK Bb ?B;?2` i?M i?2 T`iBH +?`;2 Q7 622 U62kYV iQKX q2 7QmM/ i?i i?2 T`iBH
+?`;2b Q7 #Qi? #`B/;BM; bmH7m` iQK Bb HKQbi bBKBH` BM/B+iBM;  ?QKQ;2M2Qmb +?`;2
/Bbi`B#miBQM QM #Qi? iQKbX "v 2pHmiBM; i?2 T`iBH +?`;2b QM a3 iQ a6- r2 HbQ
7QmM/ i?i i?2 p2`;2/ +?`;2 QM a3 M/ a4 Bb H`;2` i?M i?2 p2`;2/ +?`;2 QM a5
M/ a6X h?Bb +Q``2bTQM/ iQ i?2 +?`;2 Q7 B`QM iQK r?2`2 i?Qb2 bmH7m` iQKb #QmM/2/
M/ BM/B+i2 i?2 ?2i2`Q;2M2Biv Q7 +?`;2 /Bbi`B#miBQM QM i?Qb2 iQKbX "2`BM; QM i?2
+H+mHiBQM K2i?Q/-  `2K`F#H2 /2T2M/2M+2 Q7 i?2 2t+?M;2@+Q``2HiBQM 7mM+iBQMH M/
/Bzmb2 7mM+iBQM QM i?2 iQKB+ T`iBH +?`;2b r2`2 7QmM/- 2bT2+BHHv QM B`QM iQKbX h?Bb
/2T2M/2M+B2b `2 `2Hi2/ iQ i?2 +QMi`B#miBQM Q7 d Q`#BiHb Q7 B`QM- b i`MbBiBQM K2iH-
iQ i?2 T`iBH +?`;2X h?2 BM+HmbBQM Q7 /Bzmb2 7mM+iBQM +QMi`B#mi2b BM BM+`2bBM; i?2
T`iBH +?`;2 Q7 TQbBiBp2Hv +?`;2/ iQK- M/ i?2 /2+`2bBM; Q7 i?2 T`iBH +?`;2 Q7
M2;iBp2Hv +?`;2/ iQKX h?Bb BM/B+i2 i?i i?2 BM+HmbBQM Q7 /Bzmb2 7mM+iBQM BM/m+2/ 
KQ`2 TQH`BxiBQM Q7 i?2 2H2+i`QM /2MbBivX
"2`BM; QM i?2 #bQHmi2 2``Q` b?QrM BM h#H2 9Xj- i?2 #bQHmi2 2``Q` T`Q/m+2 #v S
Jyefe@jR:U/V K2i?Q/ Bb 7QmM/ iQ #2 H`;2` i?M i?2 Qi?2` S +H+mHiBQMbX h?Bb `2bmHib
+M #2 `2Hi2/ iQ i?2 i2M/2M+v Q7 T`iBH +?`;2 b?QrM BM h#H2 9X8X q2 7QmM/ i?i i?2
T`iBH +?`;2b Q7 MQM@+`#QM iQK +H+mHi2/ #v Jyefe@jR:U/V K2i?Q/ Bb `2HiBp2Hv
HQr2` i?M MQi?2` K2i?Q/bX h?Bb FBM/b Q7 `2bmHib `2 HbQ `2TQ`i2/ #v Qi?2` ;`QmT
i?i 7QmM/ i?2 2``Q` Q7 `2/Qt +H+mHiBQM Q#iBM2/ 7`QK Jye Bb 2p2M rQ`b2 +QKT`2/
iQ i?2 JRR M/ Qi?2` 2t+?M;2 +Q``2HiBQM 7mM+iBQMHb mTQM iQ rQ`i? /2b+`BTiBQM Q7 62
iQKX(Rj8) >2M+2- i?2 FBM/ Q7 i?2 2t+?M;2 +Q``2HiBQM 7mM+iBQMH M/ #bBb b2i b?QmH/
#2 +?Qb2M +`27mHHv BM i?Bb +H+mHiBQM #2+mb2 Q7 i?2B` ;`2i +QMi`B#miBQMX
9X9 *QM+HmbBQM
AM i?Bb bim/v- i?2 `2/Qt TQi2MiBH M/ TKa Q7 B`QM@bmH7m` +Hmbi2` KQ/2Hb ?p2 #22M BM@
p2biB;i2/X h?2 /Bzmb2 7mM+iBQM Bb 7QmM/ iQ ;Bp2  +QMi`B#miBQM BM BKT`QpBM; i?2 `2bmHib
i?i BM/B+i2/ #v i?2 /2+`2bBM; Q7 #bQHmi2 2``Q` UΔΔEVX _2;`/BM; .6h 7mM+iBQMH-
r2 7QmM/ i?i i?2 `2bmHi Q#iBM2/ 7`QK Jye Bb KQ`2 ++m`i2 i?M i?Qb2 Q#iBM 7`QK
"jGuSX q2 HbQ +QM}`K i?i i?2 BM+HmbBQM Q7 S*Aa b+?2K2 BM oAS TT`QtBKiBQM +M
BKT`Qp2 i?2 `2bmHibX qBi? i?2 #bQHmi2 2``Q` Q7 yXyR o- r2 Q#iBM i?2 #2bi `2bmHi 7`QK
i?2 +H+mHiBQM #v S lJyefe@jRYY:U/-TVX
:2M2`H *QM+HmbBQM 8N
h#H2 9X8, h?2 iQKB+ T`iBH +?`;2 Q7 72``2/QtBM U/`2MQ/QtBMVX h?2 iQK MmK#2`
`272` iQ 6B;m`2 9XR





































































































AM i?Bb i?2bBb- r2 T`2b2Mi2/  i?2Q`2iB+H bim/v QM 2H2+i`QMB+ bi`m+im`2 M/ T`QT2`iB2b Q7
irQ K2iHHQT`Qi2BMb- BX2X +QTT2` T`Qi2BM M/ B`QM@bmH7m` T`Qi2BMX b 7Q` +QTT2` T`Qi2BM-
r2 T2`7Q`K2/ i?2 BMp2biB;iBQM BM irQ bi2TbX 6B`biHv- r2 7Q+mb BM BMp2biB;iBM; i?2 +Hmb@
i2` Q7 ivT2 R +QTT2` +2Mi2` UhR**V BM `2HiBQM iQ i?2 2H2+i`QMB+ bi`m+im`2 M/ b2p2`H
T`QT2`iB2bX hR** Bb T`2T`2/ 7`QK s@`v +`vbiH bi`m+im`2 Q7  b2`B2b Q7 +QTT2` T`Qi2BM-
+QMbBbib Q7 xm`BM- SHbiQ+vMBM- ai2HH+vMBM- M/ J*PbX h?2 KQ/2H +Hmbi2` Q7 hR**
+QKT`Bb2/ #v  +QTT2` iQK-  +vbi2BM2- irQ ?BbiB/BM2b M/  K2i?BQMBM2 `2bB/m2X a2p2`H
T`QT2`iB2b Q7 hR**- BX2X KQH2+mH` Q`#BiH- iQKB+ T`iBH +?`;2- T`iBH bTBM /2MbBiB2b-
BQMBxiBQM 2M2`;v UASV Q7 `2/m+2/ hR*m- 2H2+i`QM {MBiv U1V Q7 QtB/Bx2/ hR*m- i?2
#QM/ M/ i?2 M;H2 +QMbiMib- `2 +H+mHi2/ #v mbBM; irQ ivTB+H .6h 7mM+iBQMH- BX2X
"jGuS M/ JyeX
++Q`/BM; iQ i?2 `2bmHib- r2 T`2b2Mi2/  aPJP Q`#BiH Q7 hR** BM QtB/Bx2/ bii2 i?i
Bb KBMHv `Bb2/ 7`QK MiB@#QM/BM; BMi2`+iBQM #2ir22M dx2−y2 Q`#BiH Q7 +QTT2` M/ π
Q`#BiH Q7 +vbi2BM2Ƕb bmH7m`X q2 HbQ 7QmM/ i?i i?2 b?T2 Q7 bTBM /2MbBiv bm`7+2 Bb
bBKBH` iQ i?2 b?T2 Q7 aPJPX h?Bb BM/B+i2 i?i i?2 bTBM /2MbBiv Bb HQ+HBx2/ `QmM/
+QTT2` M/ +vbi2BM2Ƕb bmH7m` iQKbX Pm` `2bmHib r2`2 HbQ `2p2H i?2 /2T2M/2M+v Q7
iQKB+ T`iBH +?`;2 M/ iQKB+ T`iBH bTBM QM .6h 7mM+iBQMH- 2bT2+BHHv `QmM/ i?2
#QM/ Q7 +QTT2` M/ +vbi2BM2Ƕb bmH7m`X h?2 T`iBH +?`;2 Q7 +QTT2` +H+mHi2/ #v Jye Bb
7QmM/ iQ #2 H2bb TQbBiBp2 i?M i?Qb2 +H+mHi2/ #v "jGuSX J2Mr?BH2- i?2 T`iBH +?`;2
Q7 +vbi2BM2Ƕb bmH7m` Q#iBM2/ 7`QK Jye +H+mHiBQM Bb H2bb M2;iBp2 i?M i?Qb2 Q#iBM2/
7`QK "jGuS +H+mHiBQMX h?Bb BM/B+i2 i?i i?2 M2;iBp2 +?`;2 Q7 +vbi2BM2Ƕb bmH7m` Bb
KQ`2 /Bbi`B#mi2/ r?2M +H+mHi2/ #v JyeX _2;`/BM; bTBM /2MbBiv- r2 7QmM/ i?i i?2
T`iBH bTBM Q7 +QTT2` +H+mHi2/ #v Jye Bb 7QmM/ iQ #2 HQr2` i?M i?Qb2 +H+mHi2/ #v
"jGuSX h?Bb bm;;2bi2/ i?i Jye +H+mHiBQM T`Q/m+2  bTBM /Bbi`B#miBQM i?i Bb KQ`2
ey
:2M2`H *QM+HmbBQM eR
/2HQ+HBx2/ i?M "jGuS /Q2b- r?B+? +Q``2bTQM/ iQ i?2 BM+`2bBM; Q7 t/U `iBQ BM i?2
bBKTH2 >m##`/ KQ/2HX
h?2 pHm2b Q7 AS M/ 1 r2`2 HbQ 7QmM/ iQ #2 /2T2M/2M+2 QM .6h 7mM+iBQMHbX h?2
+H+mHiBQM #v Jye T`Q/m+2 i?Qb2 T`QT2`iB2b i?i Bb ?B;?2` i?M i?Qb2 T`Q/m+2/ #v
"jGuSX h?2 /2T2M/2M+v QM .6h 7mM+iBQMH Bb HbQ 7QmM/ BM i?2 +b2 Q7 KtBKmK
#bQ`TiBQM rp2H2M;i? UJqV +H+mHiBQMX Jq #v Jye Bb 7QmM/ iQ #2 Hrvb ?B;?2`
i?M i?Qb2 #v "jGuSX h?Bb BM/B+i2 i?i i?2 #M/ ;T 2M2`;v #2ir22M dx2−y2 Q`#BiH
Q7 +QTT2` M/ π Q`#BiH Q7 +vbi2BM2Ƕb bmH7m` Bb HQr2` r?2M QM2 /QTib JyeX  bB;MB}+Mi
+QMi`B#miBQM Q7 Jye Bb 7QmM/ BM #QM/ +QMbiMi +H+mHiBQM- 2bT2+BHHv BM i?2 +b2 Q7 i?2
#QM/ #2ir22M +QTT2` U*mV M/ K2i?BQMBM2 UJ2iVX AM/22/- Jye +H+mHiBQM T`Q/m+2/ i?2
#QM/ +QMbiMi Q7 *m@J2i Q7 hR** BM xm`BM i?i Bb HKQbi i?`22 iBK2b ?B;?2` i?M i?Qb2
T`Q/m+2/ #v "jGuSX h?Bb BM/B+i2 i?i Jye ;Bp2b  bB;MB}+Mi +QMi`B#miBQM BM #QM/
+QMbiMi +H+mHiBQMX >Qr2p2`- r2 /B/ MQi 7QmM/ Mv bvbi2KiB+H +QMi`B#miBQM Q7 .6h
7mM+iBQM BM i?2 +H+mHiBQM Q7 M;H2 +QMbiMi /m2 iQ i?2 +QKTH2tBiv Q7 i?2 +H+mHiBQMX
a2+QM/Hv- r2 7Q+mb QM i?2 +QMi`B#miBQM Q7 HQM;@`M;2 BMi2`+iBQM #2ir22M +QTT2` M/
K2i?BQMBM2 `2bB/m2 b tBH HB;M/ iQ b2p2`H T`QT2`iB2b Q7 hR**- BX2X 2[mBHB#`BmK #QM/
/BbiM+2- #QM/ +QMbiMi- `2/Qt TQi2MiBH M/ JqX AM i?Bb T`i Q7 +H+mHiBQM- r2
miBHBx2/ 2B;?i .6h 7mM+iBQMHb i?i `2 `2T`2b2Mi 7Qm` +Hbb2b Q7 i?2 7mM+iBQMH- BX2X UBV
Tm`2 ;2M2`HBx2/ ;`/B2Mi TT`QtBKiBQM U::V US"1 M/ "GuSV- UBBV ?v#`B/ U"jGuS
M/ JyeV- UBBBV HQM;@`M;2 +Q``2+i2/ UG*V@:: UG*@"GuS M/ G*@S"1V- M/ UBpV G*
?v#`B/ U"Nds M/ *J@"jGuSVX h?2 +Hmbi2` KQ/2Hb Q7 hR** r2`2 T`2T`2/ 7`QK s@
`v +`vbiH bi`m+im`2 Q7 xm`BM b ivTB+H 2tKTH2X aBKBH` iQ i?2 }`bi bim/v- r2 T`2T`2/
i?2 KQ/2H +Hmbi2` Q7 hR** i?i Bb +QKT`Bb2/ #v  +QTT2` iQK-  +vbi2BM2- irQ ?BbiB/BM2b
M/  K2i?BQMBM2 `2bB/m2X aBM+2 r2 7Q+mb iQ i?2 +QMi`B#miBQM Q7 *m@J2i BMi2`+iBQM- r2
T`2T`2/ b2p2`H +Hmbi2` #v p`vBM; *m@J2i #QM/ /BbiM+2 b jXR3- jXk3- jXj3- jX93- M/
jX83 X
++Q`/BM; iQ i?2 `2bmHib- r2 7QmM/ i?i Jye T`Q/m+2 i?2 2[mBHB#`BmK #QM/ /BbiM+2
i?i Bb +HQb2` iQ i?2 /BbiM+2 Q#iBM2/ 7`QK s@`v +`vbiH bi`m+im`2X 6m`i?2`KQ`2- i?2
H`;2bi #QM/ +QMbiMi pHm2 Bb HbQ Q#iBM2/ 7`QK Jye +H+mHiBQMX h?Bb BM/B+i2 i?i
Jye T2`7Q`K2/ #2ii2` i?M Qi?2` .6h 7mM+iBQMH BM i?2 +b2 Q7 2[mBHB#`BmK #QM/ /Bb@
iM+2 M/ #QM/ +QMbiMi +H+mHiBQMX h?2 pHm2 Q7 i?2 #QM/ +QMbiMi HbQ BM/B+i2 i?2
Jye `2T`2b2Mi  bi`QM; BMi2`+iBQM #2ir22M +QTT2` M/ K2i?BQMBM2X q2 HbQ 7QmM/ i?2
+QMi`B#miBQM Q7 tBH HB;M/ BMi2`+iBQM iQ `2/Qt TQi2MiBH M/ JqX h?2 BM+`2bBM; Q7
#QM/ /BbiM+2 H2/ iQ i?2 /2+`2bBM; Q7 `2/Qt TQi2MiBH- M/ i?2 BM+`2bBM; Q7 JqX
AM i?2 +b2 Q7 `2/Qt TQi2MiBH- r2 7QmM/ i?i i?2 b2`B2b Q7 G*@.6h Bb KQ`2 b2MbBiBp2 iQ
#QM/ /BbiM+2 i?M i?Qb2 Q7 MQM@G*@.6h- BM r?B+? i?2 KQbi b2MbBiBp2 QM2 Bb T`2b2Mi2/
#v G*@"GuSX h?2 b2`B2b Q7 G*@.6h r2`2 HbQ 7QmM/ iQ #2 KQ`2 ++m`i2 i?M i?Qb2 Q7
:2M2`H *QM+HmbBQM ek
MQM@G*@.6h- 2t+2Ti JyeX h?Bb BM/B+i2 i?i G* b+?2K2 BM G*@.6h M/ ?v#`B/ b+?2K2
BM Jye ;Bp2 TQbBiBp2 +QMi`B#miBQM BM i?2 +H+mHiBQM Q7 `2/Qt TQi2MiBHX AM T`iB+mH`- i?2
BKTH2K2MiiBQM Q7 G* b+?2K2 BM "GuS M/ "jGuS +QM}`Kb i?2 +QMi`B#miBQM Q7 G* BM
BKT`QpBM; i?2 ++m`+vX AM i?2 +b2 Q7 Jq- Jye Bb 7QmM/ iQ #2 KQ`2 b2MbBiBp2 iQ #QM/
/BbiM+2 i?M Qi?2` 7mM+iBQMHbX AM i?Bb +H+mHiBQM- ?v#`B/ .6h T`Q/m+2 Jq i?i Bb
KQ`2 ++m`i2 `2bmHib i?M Qi?2`bX >Qr2p2`- `2;`/BM; G* +QMi`B#miBQM- r2 7QmM/ i?i
Tm`2 :: Bb KQ`2 ++m`i2 i?M G*@::X h?Bb +Q``2bTQM/ iQ i?2 7+i i?i b?Q`i@`M;2
BMi2`+iBQM Bb KQ`2 /QKBMMi i?M HQM;@`M;2 BMi2`+iBQM BM i?Bb +H+mHiBQMX >2M+2-
?v#`B/ .6h b22Kb iQ #2 #H2 iQ +H+mHi2 #Qi? BMi2`+iBQMb BM  #2ii2` rvX
b 7Q` B`QM@bmH7m` T`Qi2BM- r2 BMp2biB;i2/ `2/Qt TQi2MiBH M/ TKa Q7 B`QM@bmH7m` +Hmbi2`b
rBi? `2bT2+i iQ bTBM bi`m+im`2bX AM i?Bb T`iB+mH` bim/v- r2 T`2T`2/ i?2 +Hmbi2` 7`QK
irQ (k62@ka) B`QM@bmH7m` T`Qi2BM- BX2X 72``2/QtBM M/ /`2MQ/QtBMX h?2 KQ/2H Q7 B`QM@
bmH7m` +Hmbi2` +QMbBbi Q7 irQ B`QMb- irQ #`B/;BM; bmH7m` iQK- M/ 7Qm` K2i?vHi?BQHi2b
b  `2TH+2K2Mi Q7 +vbi2BM2 `2bB/m2bX hQ ?M/H2 i?2 bTBM bi`m+im`2 Q7 +QmTH2/ B`QM- r2
miBHBx2 b2p2`H bTBM TT`QtBKiBQMb- BX2X ?B;? bTBM U>aV- HQr bTBM #v #`QF2M bvKK2i`v
i2+?MB[m2 U"aV- TT`QtBKi2/ bTBM T`QD2+i2/ USV- M/ C bTBM +QmTHBM; UC*VX h?2 bQHp2Mi
2MpB`QMK2Mi `QmM/ i?2 +Hmbi2` rb TT`QtBKi2/ #v mbBM; +QM/m+iQ`@HBF2 TQH`Bx#H2
+QMiBMmmK KQ/2H U*S*JV rBi? ε = 10X hQ Dm/;2 i?2 ++m`+v Q7 `2/Qt TQi2MiBH-
r2 +H+mHi2/ #bQHmi2 2``Q`b iQr`/ i?2 2tT2`BK2MiH `2bmHib i?i Bb /2}M2/ b  /B7@
72`2M+2 Q7 `2HiBp2 2``Q` Q#iBM2/ 7`QK +H+mHi2/ M/ 2tT2`BK2MiH bim/v UΔΔE =
|ΔE+H+ −ΔE2tT|VX
++Q`/BM; iQ i?2 `2bmHib- r2 /B/ MQi 7QmM/ Mv +QMi`B#miBQM Q7 /Bzmb2 7mM+iBQM BM BK@
T`QpBM; i?2 ++m`+v Q7 HH "jGuS +H+mHiBQM- 2t+2Ti C* TT`QtBKiBQMX AM +QMi``v-
i?2 /Bzmb2 7mM+iBQM T`2b2Mi  bB;MB}+Mi BKT`Qp2K2Mi BM i?2 +H+mHiBQM #v JyeX h?2
KQbi bB;MB}+M+2 BKT`Qp2K2Mi rBi? `2bT2+i iQ i?2 /Bzmb2 7mM+iBQM rb Q#iBM2/ 7`QK
i?2 +H+mHiBQM #v S lJye- r?B+? i?2 #bQHmi2 2``Q` /2+`2b2 #v yXjy oX h?Bb }M/BM;
+QM}`K i?2 +QMi`B#miBQM Q7 /Bzmb2 7mM+iBQM BM BKT`QpBM; i?2 ++m`+v Q7 `2/Qt TQi2MiBH
+H+mHiBQM #v JyeX "2`BM; QM .6h 7mM+iBQMH- r2 7QmM/ i?i Jye T`Q/m+2  `2bmHib
i?i Bb KQ`2 ++m`i2 i?M "jGuS- 2t+2Ti 7Q` >a M/ S TT`QtBKiBQM rBi?Qmi /B7@
7mb2 7mM+iBQMX h?Bb `2bmHib +Q``2bTQM/ iQ i?2 FBM/ Q7 2t+?M;2 7mM+iBQMH mb2/ BM #Qi?
7mM+iBQMHbX qBi? i?2 #bQHmi2 2``Q` Q7 yXyR o- r2 Q#iBM2/ i?2 #2bi `2bmHi 7`QK i?2
+H+mHiBQM #v S lJyefe@jRYY:U/-TVX
q2 HbQ +H+mHi2/ TKa pHm2b QM 2+? bBi2 Q7 bmH7m` Q7 i?BQHi2 M/ 7QmM/ i?i i?Qb2 TKab
Bb H`;2` i?M dX h?Bb +QM}`Kb i?i i?2 `2bB/m2b r2`2 7QmM/ b /2T`QiQMi2/ bii2 mTQM
i?2 `2/m+iBQM BM pBpQX h?2 KQH2+mH` Q`#BiHb Q7 B`QM@bmH7m` +Hmbi2` r2`2 BMp2biB;i2/ #v
TT`QtBKiBM; bBM;Hv Q++mTB2/ Mim`H Q`#BiH UaPLPV #v mbBM; HBM2` Mim`H Q`#BiH
:2M2`H *QM+HmbBQM ej
UGLyV K2i?Q/X q2 7QmM/ MBM2 aPLP +QMbBbib Q7  KBt Q7 dz2 Q`#BiH #2ir22M #Qi? B`QM
iQKb M/ 2+? 7Qm` Q`#BiHb HQ+HBx2/ `QmM/ 622+ M/ 623+ iQKbX
6BMHHv- i?2 iQKB+ T`iBH +?`;2b Q7 i?2 +Hmbi2` r2`2 BMp2biB;i2/ #v mbBM; J2`x@aBM;?@
EQHHKM b+?2K2X "2`BM; QM i?2 +H+mHiBQM K2i?Q/-  `2K`F#H2 /2T2M/2M+2 Q7 i?2
2t+?M;2@+Q``2HiBQM 7mM+iBQMH M/ /Bzmb2 7mM+iBQM r2`2 7QmM/ QM i?2 +H+mHiBQM Q7
iQKB+ T`iBH +?`;2b- 2bT2+BHHv QM B`QM iQKbX h?Bb H2/ #v i?2 2tBbi2M+2 Q7 d Q`#BiHb
BM B`QM iQK M/ z2+i iQ +H+mHiBQM Q7 iQKB+ T`iBH +?`;2bX h?2 /Bzmb2 7mM+iBQM
rb HbQ +QMi`B#mi2 BM BM+`2bBM; i?2 T`iBH +?`;2 Q7 iQK rBi? TQbBiBp2 +?`;2b- M/
/2+`2bBM; i?2 T`iBH +?`;2 Q7 iQK rBi? M2;iBp2 +?`;2bX h?Bb bm;;2bi2/ i?i i?2
/Bzmb2 7mM+iBQM BM/m+2/ KQ`2 TQH`BxiBQM Q7 i?2 2H2+i`QM /2MbBivX
6mim`2 qQ`Fb 
h?2Q`2iB+H aim/v Q7 1tBi
J2+?MBbK Q7 qi2` JQH2+mH2
7`QK h`B@Lm+H2` *QTT2` *2Mi2`
Q7 JmHiB+QTT2` PtB/b2
XR AMi`Q/m+iBQM
AM i?Bb bim/v- r2 BK iQ BMp2biB;i2 i?2 7`22 2M2`;v Q7 ri2` 2tBi Ti?rv 7`QK i`B@
Mm+H2` +QTT2` +2Mi2` UhL*V Q7 KmHiB+QTT2` QtB/b2b UJ*PbV T`Qi2BM #v mbBM; bi22`2/
KQH2+mH` /vMKB+b UaJ.V bBKmHiBQMX h?2 2tBi Ti?rv Q7 i?2 ri2` KQH2+mH2 ?b #22M
T`2/B+i2/ #v 2tT2`BK2MiH bim/v b b?QrM BM 6B;m`2 XRX(j) AM i?2 T`2pBQmb `2TQ`i- r2
?p2 T`2b2Mi2/ irQ 2tBi Ti?rvb i?`Qm;? i?2 ?v/`Q;2M #QM/ M2irQ`F `QmM/ :Hm8ye
M/ *vb8yy `2bB/m2bX AM i?Qb2 Ti?rvb- r2 bbmK2/ i?i i?2 ri2` HQ+i2/ BMbB/2 Q7
hL* i`BM;H2 Uri2`BMV rBHH 2b+T2 7`QK hL* bBi2X >Qr2p2`- 7i2` /Bb+mbbBM; rBi? Qm`
+QHH#Q`iQ`- r2 +?M;2 Qm` bbmKTiBQM b i?2 ri2` HQ+i2/ QmibB/2 Q7 hL* i`BM;H2
Uri2`QmiV rBHH 2b+T2b 7`QK hL* bBi2 BM irQ bi2Tb U6B;m`2 XkVX 6B`biHv- i?2 #QM/
#2ir22M ri2`Qmi KQH2+mH2 M/ *mAA iQK rBHH #2 #`QF2M M/ i?2 ri2` rBHH #2 `2H2b2/X
a2+QM/Hv- i?2 ri2`BM KQH2+mH2 rBHH KQp2 iQ i?2 QmibB/2 M/ iF2 i?2 TH+2 Q7 Q`B;BMH
TQbBiBQM Q7 ri2`Qmi KQH2+mH2X b i?2 +QMb2[m2M+2- r2 `2/2}M2/ i?2 #QM/ T`K2i2` BM
i?2 hL* bBi2- b b?QrM BM 6B;m`2 XjX qi2`BM KQH2+mH2 Bb /2}M2/ b  HB;M/ #QmM/ iQ
*mAA iQK M/ ri2`Qmi KQH2+mH2 Bb /2}M2/ b hASjS ri2`X
e9
6mim`2 qQ`Fb e8
6B;m`2 XR, h?2 ri2` 2tBi Ti?rv T`2/B+i2/ #v 2tT2`BK2MiH bim/vX(j)

	








































6B;m`2 Xj, h?2 iQKB+ H#2H BM i?2 hL* bBi2X
6mim`2 qQ`Fb ee
6B;m`2 X9, h?2 bQHpi2/ bvbi2K Q7 JmHiB+QTT2` T`Qi2BMX
Xk *QKTmiiBQMH J2i?Q/b
q2 T2`7Q`K2/  aJ. bBKmHiBQM 7Q` 2+? bi2T Q7 i?2 Ti?rvX AM i?2b2 bBKmHiBQMb-
i?2 T`Qi2BM KQH2+mH2 rb T`2T`2/ 7`QK s@`v +`vbiH bi`m+im`2 Q7 J*Pb T`Qi2BM US."
A., 91NaV(dN)X h?2 bQHpi2/ bvbi2K Q7 i?2 T`Qi2BM rb T`2b2Mi2/ BM 6B;m`2 X9X h?2
bBKmHiBQM rb T2`7Q`K2/ #v mbBM; LSh 2Mb2K#H2 rBi? +QMbiMi i2KT2`im`2 Ujyy EV
M/ +QMbiMi T`2bbm`2 UR #`VX h?2 /2iBH Q7 bBKmHiBQM T`K2i2`b r2`2 T`2b2Mi2/ BM
h#H2 XRX 6Q` bKTHBM; Tm`TQb2- r2 T2`7Q`K2/ MBM2 aJ. bBKmHiBQMb #v p`vBM; i?2
pHm2 Q7 TmHHBM; 7Q`+2 +QMbiMi b 8yy- Ryyy M/ R8yy FCfKQHXMK2 M/ i?2 TmHHBM; bT22/
b yXyyy8y- yXyyyey- yXyyydy MKfTbX h?2 +`#QM α iQKb r2`2 +QMbi`BM2/ /m`BM; i?2
bBKmHiBQM #v mbBM; Ryyy FCfKQHXMK2 Q7 r2F ?`KQMB+ 7Q`+2X HH Q7 i?2 bBKmHiBQMb
r2`2 T2`7Q`K2/ #v mbBM; :`QK+b 9Xe T`Q;`K T+F;2(Rje)X
h#H2 XR, h?2 T`K2i2`b Q7 bi22`2/ KQH2+mH` /vMKB+b bBKmHiBQM
S`K2i2` oHm2
1Mb2K#H2 LSh
LQM@+iBp2 bBi2 66 K#2`
+iBp2 bBi2 66 ZmMimK J2i?Q/
aBKmHiBQM iBK2 k Mb









b 7Q` i?2 bBKmHiBQM Q7 bi2T R- i?2 ~m+imiBQM Q7 *mAA@>2P #QM/ /BbiM+2 rb THQii2/
b  7mM+iBQM Q7 bBKmHiBQM iBK2 iQ p2`B7v i?2 T2`7Q`KM+2 Q7 TmHHBM; b+?2K2X b b?QrM
BM 6B;m`2 X8- i?2 #QM/ /BbiM+2 #2+QK2 H`;2` HQM; rBi? i?2 bBKmHiBQM iBK2 i?i
+QM}`K  r2HH T2`7Q`KM+2 Q7 bBKmHiBQMX h?2 ~m+imiBQM /Bz2`2M+2 Q7 #QM/ /BbiM+2
BM 2+? bBKmHiBQMb `2Hi2/ iQ i?2 /Bz2`2M+2 Q7 bBKmHiBQM T`K2i2`X hQ +H+mHi2 i?2
7`22 2M2`;v- irQ i?QmbM/ bMTb?Qi bi`m+im`2b r2`2 iF2M 7`QK 2+? bBKmHiBQM M/ i?2
7`2[m2M+v Q7 bi`m+im`2 rBi? +2`iBM #QM/ /BbiM+2 r2`2 +H+mHi2/X "v mbBM; 7`2[m2M+v
/Bbi`B#miBQM- i?2 7`22 2M2`;v UGV rb +H+mHi2/ b
G = −kbT HM n(r)
N
UXRV
r?2`2 kb- T - n(r) M/ N `2T`2b2Mi i?2 "QHixKMM +QMbiMi- i2KT2`im`2- i?2 MmK#2`
Q7 bMTb?Qi bi`m+im`2 rBi? r #QM/ /BbiM+2- M/ i?2 iQiH MmK#2` Q7 bMTb?Qi bi`m+im`2-
`2bT2+iBp2HvX
Xj _2bmHib M/ .Bb+mbbBQMb
h?2 THQi Q7 7`2[m2M+v /Bbi`B#miBQM M/ 7`22 2M2`;v b  7mM+iBQM Q7 #QM/ /BbiM+2 7Q`
i?2 bBKmHiBQM Q7 bi2T R `2 T`QpB/2/ BM 6B;m`2 XeUV M/ XeU#V- `2bT2+iBp2HvX a2p2M
bMTb?Qi +QM};m`iBQMb QM i?2 biiBQM`v TQBMi Q7 7`22 2M2`;v Bb T`2b2Mi2/ BM 6B;m`2 XdX
AM i?2 BMBiBH bi`m+im`2- r2 7QmM/ i?i i?2 ri2`Qmi KQH2+mH2 biBHH BMi2`+i rBi? *mAA iQK
M/  ri2` KQH2+mH2- r?B+? i?2 7`22 2M2`;v Q7 i?Bb +QM};m`iBQM Bb `QmM/ RXNj F+HfKQHX
q2 HbQ 7QmM/ i?i i?2 BMBiBH #QM/ /BbiM+2 #2ir22M ri2`Qmi KQH2+mH2 M/ *mAA iQK
Bb kXRy X J2Mr?BH2- i?2 ?B;?2bi #``B2` 2M2`;v BM i?Bb bi2T Bb 7QmM/ b `QmM/ kXek
F+HfKQH U+QM};m`iBQM dVX AM i?Bb bii2- i?2 #QM/ /BbiM+2 #2ir22M ri2`Qmi KQH2+mH2
M/ *mAA iQK Bb `QmM/ NXk - M/ i?2 ri2`Qmi KQH2+mH2 HbQ BMi2`+i rBi? MQi?2`
ri2` KQH2+mH2 #v ?v/`Q;2M #QM/ BMi2`+iBQMX h?2 HQr2bi 7`22 2M2`;v Bb T`2b2Mi2/ #v
+QM};m`iBQM e rBi? *mAA@>2P #QM/ /BbiM+2 Bb `QmM/ eXN X AM i?Bb bii2- r2 7QmM/
i?i ri2`Qmi KQH2+mH2 BMi2`+i rBi?  ri2` KQH2+mH2 M/ h?`2QMBM2@9yN `2bB/m2 #v
?v/`Q;2M #QM/ BMi2`+iBQMX
AM i?2 K2MiBK2- r2 7QmM/ irQ HQ+H KBMBKmK M/ irQ HQ+H KtBKmK Q7 i?2 7`22 2M2`;v
BM i?Bb bi2TX h?2 7`22 2M2`;B2b QM i?Qb2 irQ HQ+H KBMBKmK `2 7QmM/ b yX3k F+HfKQH
U#QM/ /BbiM+2 kX9y V M/ yX9R F+HfKQH U#QM/ /BbiM+2 9XdR VX h?2 +QM};m`iBQM Q7
i?2 }`bi M/ b2+QM/ HQ+H KBMBKmK `2 T`2b2Mi2/ #v +QM};m`iBQM k M/ 9- `2bT2+iBp2HvX
h?2 7`22 2M2`;B2b QM i?Qb2 irQ HQ+H KtBKmK `2 7QmM/ b kXyj F+HfKQH U#QM/ /BbiM+2
jXNR V M/ RXR8 F+HfKQH U#QM/ /BbiM+2 eXyk VX h?2 +QM};m`iBQM Q7 i?2 }`bi M/ b2+QM/







































































6B;m`2 Xe, h?2 THQi Q7 UV 7`2[m2M+v /Bbi`B#miBQM M/ U#V 7`22 2M2`;v- b  7mM+iBQM
Q7 *mAA@>2P #QM/ /BbiM+2 BM i?2 bBKmHiBQM Q7 bi2T RX
b 7Q` i?2 bBKmHiBQM Q7 bi2T k- r2 HbQ THQi i?2 ~m+imiBQM Q7 i?2 #QM/ /BbiM+2 #2ir22M
ri2`BM KQH2+mH2 M/ ?v/`QtB/2 BQM iQ p2`B7v i?2 T2`7Q`KM+2 Q7 TmHHBM; b+?2K2X b
b?QrM BM 6B;m`2 X3- i?2 #QM/ /BbiM+2 #2+QK2 H`;2` HQM; rBi? i?2 bBKmHiBQM iBK2-
r?B+? +QM}`K i?i i?2 TmHHBM; b+?2K2 T2`7Q`K2/ r2HHX aBKBH` iQ i?2 }`bi bBKmHiBQM-
r2 mb2 kyyy bMTb?Qi bi`m+im`2b 7`QK 2+? bBKmHiBQM iQ +H+mHi2 i?2 7`22 2M2`;v M/
i?2 7`2[m2M+v Q7 bi`m+im`2X h?2 7`22 2M2`;v rb /2`Bp2/ 7`QK i?2 7`2[m2M+v /Bbi`B#miBQM
#v mbBM; 1[miBQM XRX
h?2 THQi Q7 7`2[m2M+v /Bbi`B#miBQM M/ 7`22 2M2`;v b  7mM+iBQM Q7 #QM/ /BbiM+2 7Q`
i?2 bBKmHiBQM Q7 bi2T k `2 T`QpB/2/ BM 6B;m`2 XNUV M/ XNU#V- `2bT2+iBp2HvX 6Bp2
bMTb?Qi +QM};m`iBQMb QM i?2 biiBQM`v TQBMi Q7 7`22 2M2`;v Bb T`2b2Mi2/ BM 6B;m`2
XRyX AM i?2 BMBiBH bi`m+im`2- ri2`BM KQH2+mH2 Bb 7QmM/ BMbB/2 i?2 hL* i`BM;H2- r?B+?
i?2 7`22 2M2`;v Q7 i?Bb +QM};m`iBQM Bb `QmM/ jXNd F+HfKQHX h?2 BMBiBH #QM/ /BbiM+2





6B;m`2 Xd, h?2 bMTb?Qi Q7 i?2 +QM};m`iBQMb +Tim`2/ 7`QK i?2 bBKmHiBQMb Q7 bi2T
RX h?2 ;`22M HBM2 `2T`2b2Mi  ?v/`Q;2M #QM/X
KQp2 iQ  M2r TQbBiBQM HQ+i2/ #2ir22M *mAA M/ *mAAA BQM- r?B+? i?2 ri2` Bb bHB;?iHv
+HQb2` iQ i?2 QmibB/2X h?Bb +QM};m`iBQM `2T`2b2Mi i?2 HQr2bi 7`22 2M2`;v BM i?Bb bi2TX
AM i?Bb bii2- i?2 /BbiM+2 #2ir22M i?2 ri2` KQH2+mH2 M/ ?v/`QtB/2 KQH2+mH2 #2+QK2
`QmM/ kXNy X
b b?QrM BM +QM};m`iBQM j- i?2 ri2` KQH2+mH2 KQp2 iQ i?2 QmibB/2 #v BMi2`+i rBi?
h`vTiQT?M@d9 `2bB/m2 #v ?v/`Q;2M #QM/ BMi2`+iBQMX h?2 pHm2 Q7 7`22 2M2`;v QM i?Bb
bii2 Bb `QmM/ RXyN F+HfKQH i?i Bb ?B;?2` i?M i?2 T`2pBQmb bii2X AM i?Bb bii2-
i?2 #QM/ /BbiM+2 #2ir22M i?2 ri2` M/ ?v/`QtB/2 BQM #2+QK2 `QmM/ jXNR X h?2
?B;?2bi #``B2` 2M2`;v BM i?Bb bi2T Bb 7QmM/ b 9Xj3 F+HfKQH rBi? i?2 #QM/ /BbiM+2
#2ir22M i?2 ri2` M/ ?v/`QtB/2 KQH2+mH2 Bb 8X8R X AM i?Bb bii2- i?2 ri2` KQH2+mH2
Bb 7QmM/ iQ BMi2`+i rBi? MQi?2` ri2` KQH2+mH2 #v ?v/`Q;2M #QM/ BMi2`+iBQMX AM

































































6B;m`2 XN, h?2 THQi Q7 UV 7`2[m2M+v /Bbi`B#miBQM M/ U#V 7`22 2M2`;v- b  7mM+iBQM
Q7 P>@>2P #QM/ /BbiM+2 BM i?2 bBKmHiBQM Q7 bi2T kX
TQbBiBQM Q7 ri2`Qmi KQH2+mH2X h?2 7`22 2M2`;v pHm2 Q7 i?Bb +QM};m`iBQM Bb `QmM/ yX8R
F+HfKQHX AM i?Bb +QM};m`iBQM- r2 7QmM/ i?i i?2 ri2` KQH2+mH2 BMi2`+i rBi? G2m+BM2@
dd `2bB/m2- M/ i?2 #QM/ /BbiM+2 #2ir22M i?2 ri2` KQH2+mH2 M/ *mAA Bb 7QmM/ b kXNR
X "v +QKT`BM; iQ i?2 BMBiBH bi`m+im`2- r2 7QmM/ i?i i?2 #QM/ /BbiM+2 Q7 i?2 ri2`
KQH2+mH2 #QmM/ iQ *mAA BM i?Bb TQbBiBQM #2+QK2 HQM;2`X h?Bb }M/BM; Bb BM ;`22K2Mi
rBi? i?2 2tT2`BK2MiH /iX(k)
6BMHHv- r2 +QKT`2 i?2 7`22 2M2`;v T`Q}H2 #2ir22M i?2 bBKmHiBQM Q7 bi2T R M/ bi2T
kX b 7Q` i?2 bi2T R- r2 7QmM/ i?i i?2 ?B;?2bi #``B2` 2M2`;v 7Q` ri2`Qmi KQH2+mH2 iQ
2b+T2 7`QK hL* bBi2 Bb `QmM/ kXek F+HfKQHX J2Mr?BH2- i?2 ?B;?2bi #``B2` 2M2`;v BM
bi2T k Bb 7QmM/ b 9Xj3 F+HfKQH- r?B+? Bb HKQbi irQ iBK2b Q7 i?2 ?B;?2bi #``B2` 2M2`;v
BM bi2T RX h?Bb 2M2`;v Bb `2[mB`2/ 7Q` ri2`BM KQH2+mH2 iQ KQp2 QmibB/2 M/ iF2  TH+2
Q7 Q`B;BMH TQbBiBQM Q7 ri2`Qmi KQH2+mH2X "v +QKT`BM; i?Qb2 #``B2` 2M2`;B2b- r2 7QmM/




6B;m`2 XRy, h?2 bMTb?Qi Q7 i?2 +QM};m`iBQMb +Tim`2/ 7`QK i?2 bBKmHiBQMb Q7
bi2T kX h?2 ;`22M HBM2 `2T`2b2Mi  ?v/`Q;2M #QM/X
b2p2`H ?BbiB/BM2 `2bB/m2 QM i?2 pB+BMBiv Q7 hL* i`BM;H2 +QmH/ #2 i?2 `2bQM Q7 i?Bb ?B;?
#``B2` 2M2`;v- r?B+? H2/ iQ  bi2`B+ 2z2+iX
6mim`2 qQ`Fb "
ZJfJJ aim/v QM _2/Qt
SQi2MiBH Q7 A`QM@amH7m` S`Qi2BM
"XR AMi`Q/m+iBQM
AM i?Bb TT2M/Bt- r2 T`2b2Mi  bim/v Q7 `2/Qt TQi2MiBH Q7 B`QM@bmH7m` T`Qi2BM #v mbBM;
ZJfJJ KQ/2HX aBKBH` iQ i?2 bBKTH2 +Hmbi2` KQ/2H- r2 BKTH2K2Mi2/  ?v#`B/ KQ/2H
BMiQ irQ B`QM@bmH7m` T`Qi2BM- BX2X 72``2/QtBM M/ /`2MQ/QtBMX AM i?Bb KQ/2H- i?2 B`QM@
bmH7m` +Hmbi2` rb +HbbB}2/ b ZJ `2;BQM- r?BH2 i?2 `2bi `2bB/m2 Q7 T`Qi2BM rb +HbbB}2/
b JJ `2;BQM- b b?QrM BM 6B;m`2 "XRX h?2 iQiH 2M2`;v Q7 ZJfJJ KQ/2H Bb 2tT`2bb2/
b
EiQi = EZJ + EJJ + EZJ@JJ U"XRV
r?2`2 EZJ- EJJ- M/ EZJ@JJ `2T`2b2Mib 2M2`;B2b BM i?2 ZJ `2;BQM- JJ `2;BQM- M/
ZJfJJ BMi2`7+2 `2;BQM- `2bT2+iBp2HvX h?2 bQHp2Mi 2MpB`QMK2Mi rb TT`QtBKi2/ #v
mbBM; BKTHB+Bi bQHp2Mi KQ/2H- BM r?B+? i?2 /B2H2i`B+ +QMbiMi Bb b2i iQ #2 bBKBH` iQ i?i
Q7 ri2`X q2 HbQ BMp2biB;i2/ i?2 /2T2M/2M+2 Q7 `2/Qt TQi2MiBH iQ /B2H2+i`B+ +QMbiMi
pHm2X
"Xk _2bmHib M/ .Bb+mbbBQMb
h?2 `2bmHib Q7 `2/Qt TQi2MiBH +H+mHi2/ #v ZJfJJ KQ/2H Bb T`2b2Mi2/ BM h#H2 "XRX
AM i?Bb KQ/2H- r2 BKTH2K2Mi2/ i?2 /Bzmb2 7mM+iBQM QMiQ MQM@B`QM iQK QMHv #2+mb2 Q7
i?2 HBKBiiBQM Q7 i?2 T`Q;`K T+F;2X ++Q`/BM; iQ i?2 `2bmHib- r2 7QmM/ i?i i?2 /B7@
7mbBQM 7mM+iBQM BM "jGuS M/ Jye +QMi`B#mi2 BM  /Bz2`2Mi rvX h?2 /BzmbBQM 7mM+iBQM
BKT`Qp2b i?2 `2bmHi Q7 "jGuS +H+mHiBQM- r?BH2 i?2 BKTH2K2MiiBQM Q7 i?2 7mM+iBQM
dk
6mim`2 qQ`Fb dj
BM Jye /2+`2b2 i?2 ++m`+vX h?2 H+F Q7 /BzmbBQM 7mM+iBQM QM B`QM iQK KB;?i #2
i?2 `2bQM 7Q` i?Bb `2bmHibX >Qr2p2`- `2;`/BM; .6h 7mM+iBQMH- r2 7QmM/ i?i Jye
+H+mHiBQM T`Q/m+2 i?2 `2bmHib rBi? i?2 #bQHmi2 2``Q` Bb HQr2` i?M "jGuS +H+mHiBQMX
h?2 #bQHmi2 2``Q` Q7 "jGuS M/ Jye +H+mHiBQM rBi?Qmi /BzmbBQM 7mM+iBQM `2 kXy8 M/
RXNy- `2bT2+iBp2HvX h?Bb }M/BM; Bb bBKBH` iQ i?2 i2M/2M+v Q7 "jGuS M/ Jye +H+mHiBQM
BM i?2 +Hmbi2` KQ/2HX h?2 #2bi `2bmHi #v mbBM; i?2 ?v#`B/ KQ/2H rb Q#iBM2/ 7`QK Jye
+H+mHiBQM rBi?Qmi /BzmbBQM 7mM+iBQM rBi? i?2 #bQHmi2 2``Q` Bb RXk9 oX
AM i?2 Kii2` Q7 i?2 /B2H2+i`B+ +QMbiMi- b b?QrM BM 6B;m`2 "Xk- r2 7QmM/  bBKBH`
`2HiBQMb?BT Q7 i?2 `2/Qt TQi2MiBH M/ /B2H2+i`B+ +QMbiMi b 7QmM/ BM i?2 +Hmbi2` KQ/2HX
++Q`/BM; iQ i?2 6B;m`2- i?2 #bQHmi2 `2/Qt TQi2MiBH rb 7QmM/ b BMp2`b2Hv T`QTQ`iBQMH
iQ /B2H2+i`B+ +QMbiMiX h?Bb `2bmHib TQBMi Qmi i?2 BKTQ`iM+2 Q7 i?2 /B2H2+i`B+ +QMbiMi
BM i?2 +H+mHiBQM #v mbBM; ?v#`B/ KQ/2HX
6B;m`2 "XR, A`QM@bmH7m` +Hmbi2` b ZJ `2;BQM BM ?v#`B/ KQ/2HX
6mim`2 qQ`Fb d9
h#H2 "XR, h?2 #bQHmi2 `2/Qt TQi2MiBH Q7 B`QM@bmH7m` +Hmbi2` BM 72``2/QtBM U/`2MQ@
/QtBMV T`Qi2BM +H+mHi2/ #v mbBM; ZJfJJ KQ/2HX
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6B;m`2 "Xk, h?2 /2T2M/2M+v Q7 #bQHmi2 `2/Qt TQi2MiBH Q7 72``2/QtBM T`Qi2BM BM
?v#`B/ KQ/2HX
GBbi Q7 Sm#HB+iBQMb
ST2`b b 6B`bi mi?Q`
RX AX Em`MBrM- EX Er;m+?B- JX a?QDB- hX JibmB- uX a?B;2i- >X L;Q- 
h?2Q`2iB+H aim/v QM _2/Qt SQi2MiBH M/ TE Q7 (k62@ka) *Hmbi2` JQ/2H 7`QK
A`QM@amH7m` S`Qi2BMbX "mHH2iBM Q7 i?2 *?2KB+H aQ+B2iv Q7 CTM- kyR3 U++2Ti2/VX
kX AX Em`MBrM- hX JibmB- aX LF;r- EX Er;m+?B- >X L;QX h?2Q`2iB+H
bim/B2b QM bbQ+BiBQMf/BbbQ+BiBQM T`Q+2bb Q7 THbiQ+vMBM M/ +viQ+?`QK2 7 BM
T?QiQbvMi?2bBbX CQm`MH Q7 S?vbB+b, *QM72`2Mb2 a2`B2b- kyR3 U++2Ti2/VX
jX AX Em`MBrM- EX Er;m+?B- EX am;BKQ`B- hX aFm`B- >X L;Q- ZmMimK
*?2KB+H aim/v Q7 tBH GB;M/ 1z2+i QM i?2 1H2+i`QMB+ S`QT2`iB2b Q7 hvT2 A
*QTT2` S`Qi2BMX *?2KBbi`v G2ii2`b U++2Ti2/VX
9X AX Em`MBrM- EX Er;m+?B- EX am;BKQ`B- hX aFm`B- >X L;QX h?2Q`2iB+H
aim/v QM i?2 1H2+i`QMB+ ai`m+im`2 Q7 hvT2 A *QTT2` *2Mi2` BM *QTT2` S`Qi2BMbX
a+B2M+2 _2TQ`i Q7 EMxr lMBp2`bBiv UBM T`2TVX
Pi?2` ST2`b
RX aX LF;r- AX Em`MBrM- EX EQ/K- JXX `rMbv?- EX Er;m+?B- >X
L;QX h?2Q`2iB+H bim/v QM BMi2`+iBQM Q7 +viQ+?`QK2 7 M/ THbiQ+vMBM +QK@
TH2t #v  bBKTH2 +Q`b2@ ;`BM2/ KQ/2H rBi? KQH2+mH` +`Qr/BM; 2z2+iX JQH2+mH`
S?vbB+b- kyR3- RRe U8@eV- eee Ĝ eddX
kX EX Er;m+?B- aX LF;r- AX Em`MBrM- EX EQ/K- JXX `rMbv?- >X
L;QX  +Q`b2@;`BM2/ KQ/2H Q7 i?2 2z2+iBp2 BMi2`+iBQM 7Q` +?`;2/ KBMQ
+B/ `2bB/m2b M/ Bib TTHB+iBQM iQ 7Q`KiBQM Q7 :*L9@TGA i2i`K2`X JQH2+mH`
S?vbB+b- kyR3- RRe U8@eV- e9N Ĝ e8dX
d8
"B#HBQ;`T?v
(R) >2`#2`i L`- H#`2+?i J2bb2`b+?KB/i- _Q#2`i >m#2`- J`i pM /2 EKT- M/
:2``/ qX *Mi2`bX *`vbiH bi`m+im`2 MHvbBb Q7 QtB/Bx2/ Sb2m/QKQMb 2`m;@
BMQb xm`BM i T> 8Ǧ8 M/ T> NǦy,  T>@BM/m+2/ +QM7Q`KiBQMH i`MbBiBQM
BMpQHp2b  T2TiB/2 #QM/ ~BTX CQm`MH Q7 JQH2+mH` "BQHQ;v- kkRUjV,de8Ĝddk-
P+iQ#2` RNNRX AaaL yykk@k3jeX /QB, RyXRyRefyykk@k3jeUNRV3yRdj@_X l_G
?iiT,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2fTBBfyykkk3jeNR3yRdj_X
(k) >B`Q7mKB EQKQ`B- _vQbmF2 am;BvK- EmMBb?B;2 EiQF- E2Mi`Q JBvxFB-
uQb?BFB >B;m+?B- M/ hF2b?B aFm`BX L2r BMbB;?ib BMiQ i?2 +iHviB+ +iBp2@
bBi2 bi`m+im`2 Q7 KmHiB+QTT2` QtB/b2bX +i *`vbiHHQ;`T?B+X a2+iBQM .- "B@
QHQ;B+H *`vbiHHQ;`T?v- dyUSi jV,ddkĜddN- J`+? kyR9X AaaL RjNN@yy9dX /QB,
RyXRRydfaRjNNyy9dRjyjjy8RX
(j) >B`Q7mKB EQKQ`B- hFQ EDBFr- EmMBb?B;2 EiQF- uQb?BFB >B;m+?B- M/
hF2b?B aFm`BX *`vbiH bi`m+im`2 Q7 i?2 *m2P KmiMib i :Hm8ye- i?2 F2v KBMQ
+B/ HQ+i2/ BM i?2 T`QiQM i`Mb72` Ti?rv 7Q` /BQtv;2M `2/m+iBQMX "BQ+?2KX
"BQT?vbX _2bX *QKKmMX- 9j3U9V,e3eĜeNy- a2Ti2K#2` kyRjX AaaL RyNy@kRy9X
(9) CK2b X 622X +QTT2` T`Qi2BMb bvbi2Kb +QMiBMBM; i?2 k"Hm2p +QTT2` +2Mi2`X AM
"BQ+?2KBbi`v- ai`m+im`2 M/ "QM/BM;- T;2b RĜeyX aT`BM;2`- "2`HBM- >2B/2H#2`;-
RNd8X Aa"L Nd3@j@89y@ydjjk@R Nd3@j@89y@jd8ee@RX /QB, RyXRyydf"6#yRRe89NX l_G
?iiTb,ffHBMFXbT`BM;2`X+QKf+?Ti2`fRyXRyydf"6#yRRe89NX
(8) X :X avF2bX +iBp2@aBi2 S`QT2`iB2b P7 h?2 "Hm2 *QTT2` S`Qi2BMbX AM X :X avF2b-
2/BiQ`- /pM+2b BM AMQ`;MB+ *?2KBbi`v- pQHmK2 je- T;2b jddĜ9y3X +/2KB+
S`2bb- CMm`v RNNRX /QB, RyXRyRefay3N3@33j3Uy3Veyy99@eX
(e) 1X hX /KMX *QTT2` T`Qi2BM bi`m+im`2bX /pM+2b BM S`Qi2BM *?2KBbi`v- 9k,
R98ĜRNd- RNNRX AaaL yye8@jkjjX
(d) 1/r`/ AX aQHQKQM- _Q#2`i EX axBH;vB- a2`2M .2"22` :2Q`;2- M/ GBTBF
"bmKHHB+FX 1H2+i`QMB+ ai`m+im`2b Q7 J2iH aBi2b BM S`Qi2BMb M/ JQ/2Hb,
*QMi`B#miBQMb iQ 6mM+iBQM BM "Hm2 *QTT2` S`Qi2BMbX *?2KB+H _2pB2rb- Ry9
de
"B#HBQ;`T?v dd
UkV,9RNĜ983- 62#`m`v kyy9X AaaL yyyN@kee8X /QB, RyXRykRf+`ykyejRdX l_G
?iiT,ff/tX/QBXQ`;fRyXRykRf+`ykyejRdX
(3) aQK/ii :?Qb?- #?Bb?2F .2v- uM amM- *?`H2b SX a+?QH2b- M/ 1/r`/ AX
aQHQKQMX aT2+i`Qb+QTB+ M/ *QKTmiiBQMH aim/B2b Q7 LBi`Bi2 _2/m+ib2, S`QiQM
AM/m+2/ 1H2+i`QM h`Mb72` M/ "+F#QM/BM; *QMi`B#miBQMb iQ _2+iBpBivX CQm`MH
Q7 i?2 K2`B+M *?2KB+H aQ+B2iv- RjRURV,kddĜk33- CMm`v kyyNX AaaL yyyk@d3ejX
/QB, RyXRykRfD3ye3dj2X l_G ?iiTb,ff/QBXQ`;fRyXRykRfD3ye3dj2X
(N) _X EX axBH;vB M/ 1X AX aQHQKQMX 1H2+i`QMB+ bi`m+im`2 M/ Bib `2HiBQM iQ 7mM+iBQM
BM +QTT2` T`Qi2BMbX *m``2Mi QTBMBQM BM +?2KB+H #BQHQ;v- eUkV,k8yĜk83- T`BH kyykX
AaaL Rjed@8NjRX /QB, RyXRyRefaRjed@8NjRUykVyyjy9@eX l_G ?iiT,ff2m`QT2TK+X
Q`;f#bi`+ifK2/fRkyjNyRkX
(Ry) 1/r`/ AX aQHQKQM- .pB/ qX _M/HH- M/ h?Q`bi2M :Hb2`X 1H2+i`QMB+ bi`m+@
im`2b Q7 +iBp2 bBi2b BM 2H2+i`QM i`Mb72` K2iHHQT`Qi2BMb, +QMi`B#miBQMb iQ `2+@
iBpBivX *QQ`/BMiBQM *?2KBbi`v _2pB2rb- kyy@kykUamTTH2K2Mi *V,8N8Ĝejk- Jv
kyyyX AaaL yyRy@3898X /QB, RyXRyRefayyRy@3898UyyVyyjjk@8X l_G ?iiT,
ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2fTBBfayyRy3898yyyyjjk8X
(RR) *?`BbiQT?2` .2MMBbQMX AMp2biB;iBM; i?2 bi`m+im`2 M/ 7mM+iBQM Q7 +mT`2/QtBMbX
*QQ`/BMiBQM *?2KBbi`v _2pB2rb- k9NUk9V,jyk8Ĝjy89- .2+2K#2` kyy8X AaaL yyRy@
3898X /QB, RyXRyRefDX++`Xkyy8Xy9XykRX l_G ?iiT,ffrrrXb+B2M+2/B`2+iX+QKf
b+B2M+2f`iB+H2fTBBfayyRy3898y8yyRkdsX
(Rk) 1/r`/ AX aQHQKQM- SmH CX *H2M/2MBM;- >``v "X :`v- M/ 6X CX :`mM@
i?M2`X .B`2+i Q#b2`piBQM Q7 bmH7m` +QQ`/BMiBQM BM #2M THbiQ+vMBM #v t@
`v T?QiQ2H2+i`QM bT2+i`Qb+QTvX CQm`MH Q7 i?2 K2`B+M *?2KB+H aQ+B2iv- Nd
URjV,j3d3Ĝj3dN- CmM2 RNd8X AaaL yyyk@d3ejX /QB, RyXRykRfDyy39ey3dX l_G
?iiTb,ff/QBXQ`;fRyXRykRfDyy39ey3dX
(Rj) CQ?M GX J`FH2v- 1H/QM GX lH`B+?- ai2p2M SX "2`;- M/ .pB/ qX E`Q;KMMX
Lm+H2` K;M2iB+ `2bQMM+2 bim/B2b Q7 i?2 +QTT2` #BM/BM; bBi2b Q7 #Hm2 +QT@
T2` T`Qi2BMbX PtB/Bx2/- `2/m+2/- M/ TQTHbiQ+vMBMX "BQ+?2KBbi`v- R9UkyV,
99k3Ĝ99jj- P+iQ#2` RNd8X AaaL yyye@kNeyX /QB, RyXRykRf#ByyeNRyR9X l_G
?iiTb,ff/QBXQ`;fRyXRykRf#ByyeNRyR9X
(R9) Jib >XJX PHbbQM- lH7 _v/2- M/ "Dƺ`M PX _QQbX ZmMimK +?2KB+H +H+mH@
iBQMb Q7 i?2 `2Q`;MBxiBQM 2M2`;v Q7 #Hm2@+QTT2` T`Qi2BMbX S`Qi2BM a+B2M+2- dURkV,
ke8NĜkee3- .2+2K#2` RNN3X AaaL R9eN@3NesX /QB, RyXRyykfT`QX88eyydRkkyX l_G
?iiT,ffQMHBM2HB#``vXrBH2vX+QKf/QBfRyXRyykfT`QX88eyydRkkyf#bi`+iX
"B#HBQ;`T?v d3
(R8) .X _X J+JBHHBM- _X *X _Qb2M#2`;- M/ >X "X :`vX S`2T`iBQM M/ bT2+i`Qb+QTB+
bim/B2b Q7 +Q#HiUAAV /2`BpiBp2b Q7 #Hm2 +QTT2` T`Qi2BMbX S`Q+22/BM;b Q7 i?2 LiBQMH
+/2Kv Q7 a+B2M+2b Q7 i?2 lMBi2/ aii2b Q7 K2`B+- dRURkV,9deyĜ9dek- .2+2K#2`
RNd9X AaaL yykd@39k9X
(Re) 1/r`/ AX aQHQKQM- JB+?2H CX "H/rBM- M/ JB+?2H .X GQr2`vX 1H2+i`QMB+ bi`m+@
im`2b Q7 +iBp2 bBi2b BM +QTT2` T`Qi2BMb, +QMi`B#miBQMb iQ `2+iBpBivX *?2KB+H
_2pB2rb- NkU9V,8kRĜ89k- CmM2 RNNkX AaaL yyyN@kee8X /QB, RyXRykRf+`yyyRkyyjX
l_G ?iiT,ff/tX/QBXQ`;fRyXRykRf+`yyyRkyyjX
(Rd) `BM/K *?Qr/?m`v- GBM/ X S2i2Mm- Si`B+F GX >QHHM/- M/ qBHHBK "X hQH@
KMX h?2 1H2+i`QMB+ S`QT2`iB2b Q7  JQ/2H +iBp2 aBi2 7Q` "Hm2 *QTT2` S`Qi2BMb
b S`Q#2/ #v ai`F aT2+i`Qb+QTvX h?2 CQm`MH Q7 S?vbB+H *?2KBbi`v "- Rye
URRV,jyydĜjyRk- J`+? kyykX AaaL R8ky@eRyeX /QB, RyXRykRfDTyRR8d8RX l_G
?iiTb,ff/QBXQ`;fRyXRykRfDTyRR8d8RX
(R3) 1bi2` 6`;- JX /K q2##- M/ :H2M _X GQTTMQrX *?`;2@h`Mb72` .vMKB+b
BM SHbiQ+vMBM-  "Hm2 *QTT2` S`Qi2BM- 7`QK _2bQMM+2 _KM AMi2MbBiB2bX h?2
CQm`MH Q7 S?vbB+H *?2KBbi`v- RyyU3V,jkd3Ĝjk3d- CMm`v RNNeX AaaL yykk@je89X
/QB, RyXRykRfDTN8k8e8RX l_G ?iiTb,ff/QBXQ`;fRyXRykRfDTN8k8e8RX
(RN) JX /Kq2## M/ :H2M _X GQTTMQrX 1pB/2M+2 7Q` MBbQi`QTB+ *QmTHBM; #2ir22M
i?2 S`Qi2BM 1MpB`QMK2Mi M/ i?2 *QTT2` aBi2 BM xm`BM 7`QK _2bQMM+2 _KM
aT2+i`Qb+QTvX h?2 CQm`MH Q7 S?vbB+H *?2KBbi`v "- RyeU3V,kRykĜkRy3- 62#`m`v
kyykX AaaL R8ky@eRyeX /QB, RyXRykRfDTyRjee8#X l_G ?iiTb,ff/QBXQ`;fRyX
RykRfDTyRjee8#X
(ky) 1/r`/ AX aQHQKQM- lK JX amM/`K- M/ hBKQi?v 1X J+?QMFBMX JmHiB+QTT2`
PtB/b2b M/ Ptv;2Mb2bX *?2KB+H _2pB2rb- NeUdV,k8ejĜkeye- LQp2K#2` RNNeX
AaaL R8ky@e3NyX
(kR) .MB2H CX EQbKMX JmHiB+QTT2` QtB/b2b,  rQ`Fb?QT QM +QTT2` +QQ`/BMiBQM
+?2KBbi`v- 2H2+i`QM i`Mb72`- M/ K2iHHQT?vbBQHQ;vX CQm`MH Q7 #BQHQ;B+H BMQ`;MB+
+?2KBbi`v, C"A*,  Tm#HB+iBQM Q7 i?2 aQ+B2iv Q7 "BQHQ;B+H AMQ`;MB+ *?2KBbi`v-
R8URV,R8Ĝk3- CMm`v kyRyX AaaL R9jk@RjkdX /QB, RyXRyydfbyydd8@yyN@y8Ny@NX
(kk) X J2bb2`b+?KB/i- _X G/2Mbi2BM- _X >m#2`- JX "QHQ;M2bB- GX pB;HBMQ-
_X S2i`mxx2HHB- X _QbbB- M/ X 6BMxxB@;`ƦX _2}M2/ +`vbiH bi`m+im`2 Q7 b+Q`@
#i2 QtB/b2 i RXN  `2bQHmiBQMX CQm`MH Q7 JQH2+mH` "BQHQ;v- kk9URV,RdNĜky8-
J`+? RNNkX AaaL yykk@k3jeX
(kj) LBM >FmHBM2M- Gm`@G22M EBBbFBM2M- E`BbiBBM E`mmb- J`FFm aHQ?2BKQ- `D
SMM2M- Mm EQBpmH- M/ Cm? _QmpBM2MX *`vbiH bi`m+im`2 Q7  H++b2 7`QK
"B#HBQ;`T?v dN
J2HMQ+`Tmb H#QKv+2b rBi? M BMi+i i`BMm+H2` +QTT2` bBi2X Lim`2 ai`m+im`H
"BQHQ;v- NU3V,eyRĜey8- m;mbi kyykX AaaL Rydk@3je3X /QB, RyXRyj3fMb#3kjX
(k9) *X bFrBi?- .X 1B/2- X oM >Q- SX aX "2`M`/- GX GB- aX .pBb@ETHM- .X JX
aBT2- M/ CX ETHMX h?2 61hj ;2M2 Q7 aX +2`2pBbB2 2M+Q/2b  KmHiB+QTT2` QtB/b2
`2[mB`2/ 7Q` 72``Qmb B`QM mTiF2X *2HH- deUkV,9yjĜ9Ry- CMm`v RNN9X AaaL yyNk@
3ed9X
(k8) am2 X _Q#2`ib- M/`x2D q2B+?b2H- :`2;Q` :`bb- E2b?`B h?FHB- CK2b hX >x@
x`/- :Q`/QM hQHHBM- *?`BbiQT?2` _2MbBM;- M/ qBHHBK _X JQMi7Q`iX *`vbiH
bi`m+im`2 M/ 2H2+i`QM i`Mb72` FBM2iB+b Q7 *m2P-  KmHiB+QTT2` QtB/b2 `2[mB`2/
7Q` +QTT2` ?QK2QbibBb BM 1b+?2`B+?B +QHBX S`Q+22/BM;b Q7 i?2 LiBQMH +/2Kv
Q7 a+B2M+2b Q7 i?2 lMBi2/ aii2b Q7 K2`B+- NNU8V,kdeeĜkddR- J`+? kyykX AaaL
yykd@39k9X /QB, RyXRydjfTMbXy8kdRy9NNX
(ke) _X X J`+mb M/ LQ`KM amiBMX 1H2+i`QM i`Mb72`b BM +?2KBbi`v M/ #BQHQ;vX
"BQ+?BKB+ 2i "BQT?vbB+ +i U""V @ _2pB2rb QM "BQ2M2`;2iB+b- 3RRUjV,ke8Ĝjkk-
m;mbi RN38X AaaL yjy9@9RdjX /QB, RyXRyRefyjy9@9RdjU38VNyyR9@sX l_G ?iiT,
ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2fTBBfyjy99Rdj38NyyR9sX
(kd) hX aFm`B M/ EX EiQFX ai`m+im`2 M/ 7mM+iBQM Q7 ivT2 A +QTT2` BM KmH@
iB+QTT2` QtB/b2bX *2HHmH` M/ JQH2+mH` GB72 a+B2M+2b- e9URN@kyV,ke9k- CmHv
kyydX AaaL R9ky@e3ks- R9ky@NydRX /QB, RyXRyydfbyyyR3@yyd@dR3j@vX l_G
?iiT,ffHBMFXbT`BM;2`X+QKf`iB+H2fRyXRyydfbyyyR3@yyd@dR3j@vX
(k3) JiÿD Sp2HF M/ C`QbHp oX "m`/X *QKTmiiBQMH bim/v Q7 `2/Qt +iBp2 +2Mi`2b
Q7 #Hm2 +QTT2` T`Qi2BMb,  +QKTmiiBQMH .6h bim/vX JQH2+mH` S?vbB+b- RyeUk9V,
kdjjĜkd93- .2+2K#2` kyy3X AaaL yyke@3NdeX /QB, RyXRy3yfyyke3Ndy3ykedke39X
l_G ?iiT,ff/tX/QBXQ`;fRyXRy3yfyyke3Ndy3ykedke39X
(kN) C+[m2b J2v2`X A`QM@bmH7m` T`Qi2BM 7QH/b- B`QM@bmH7m` +?2KBbi`v- M/ 2pQHmiBQMX
CQm`MH Q7 #BQHQ;B+H BMQ`;MB+ +?2KBbi`v, C"A*,  Tm#HB+iBQM Q7 i?2 aQ+B2iv Q7
"BQHQ;B+H AMQ`;MB+ *?2KBbi`v- RjUkV,R8dĜRdy- 62#`m`v kyy3X AaaL yN9N@3k8dX
/QB, RyXRyydfbyydd8@yyd@yjR3@dX
(jy) SX CX ai2T?2Mb- .X _X CQHHB2- M/ X q`b?2HX S`Qi2BM *QMi`QH Q7 _2/Qt SQi2MiBHb
Q7 A`QM  amH7m` S`Qi2BMbX *?2KB+H _2pB2rb- NeUdV,k9NRĜk8R9- CMm`v RNNeX
AaaL yyyN@kee8X /QB, RyXRykRf+`N8yy98rX l_G ?iiTb,ff/QBXQ`;fRyXRykRf
+`N8yy98rX
(jR) >2HKmi "2BM2`i M/ _X >X aM/bX aim/B2b QM bm++BMB+ M/ .SL> /2?v/`Q;2@
Mb2 T`2T`iBQMb #v T`K;M2iB+ `2bQMM+2 U1S_V bT2+i`Qb+QTvX "BQ+?2KB+H
"B#HBQ;`T?v 3y
M/ "BQT?vbB+H _2b2`+? *QKKmMB+iBQMb- jURV,9RĜ9e- CmHv RNeyX AaaL yyye@
kNRsX /QB, RyXRyRefyyye@kNRsUeyVNyRyy@8X l_G ?iiT,ffrrrXb+B2M+2/B`2+iX
+QKfb+B2M+2f`iB+H2fTBBfyyyekNRseyNyRyy8X
(jk) GX 1X JQ`i2MbQM- _X *X oH2MiBM2- M/ CX 1X *`M?MX M 2H2+i`QM i`MbTQ`i 7+iQ`
7`QK *HQbi`B/BmK Tbi2m`BMmKX "BQ+?2KB+H M/ "BQT?vbB+H _2b2`+? *QKKm@
MB+iBQMb- d,993Ĝ98k- CmM2 RNekX AaaL yyye@kNRsX
(jj) EmMBQ h;r M/ .MB2H AX `MQMX 62``2/QtBMb b 1H2+i`QM *``B2`b BM S?Q@
iQbvMi?2bBb M/ BM i?2 "BQHQ;B+H S`Q/m+iBQM M/ *QMbmKTiBQM Q7 >v/`Q;2M
:bX Lim`2- RN8U939RV,8jdĜ89j- m;mbi RNekX AaaL yyk3@y3jeX /QB, RyXRyj3f
RN88jdyX l_G ?iiTb,ffrrrXMim`2X+QKfMim`2fDQm`MHfpRN8fM939Rf#bf
RN88jdyX?iKHX
(j9) .2MMBb >X 6HBMi M/ _QM/ JX HH2MX A`QM  amH7m` S`Qi2BMb rBi? LQM`2/Qt
6mM+iBQMbX *?2KB+H _2pB2rb- NeUdV,kjR8Ĝkjj9- CMm`v RNNeX AaaL yyyN@kee8X
/QB, RyXRykRf+`N8yy9R`X l_G ?iiTb,ff/QBXQ`;fRyXRykRf+`N8yy9R`X
(j8) _QHM/ GBHHX 6mM+iBQM M/ #BQ;2M2bBb Q7 B`QM@bmHT?m` T`Qi2BMbX Lim`2- 9eyUdk8dV,
3jRĜ3j3- m;mbi kyyNX AaaL R9de@9e3dX /QB, RyXRyj3fMim`2y3jyRX
(je) >X "2BM2`i- _X >X >QHK- M/ 1X JɃM+FX A`QM@bmH7m` +Hmbi2`b, Mim`2Ƕb KQ/mH`-
KmHiBTm`TQb2 bi`m+im`2bX a+B2M+2 UL2r uQ`F- LXuXV- kddU8jkeV,e8jĜe8N- m;mbi
RNNdX AaaL yyje@3yd8X
(jd) EKBH "`xƦbF- avHrB J2+xvƖbF- M/ J`+BM E`mbx2rbFBX A`QM@bmH7m` +Hmbi2`
T`Qi2BMb, 2H2+i`QM i`Mb72` M/ #2vQM/X +i "BQ+?BKB+ SQHQMB+- 8jU9V,e38ĜeNR-
kyyeX AaaL yyyR@8kdsX
(j3) LQK2M+Him`2 *QKKBii22 Q7 i?2 AMi2`MiBQMH lMBQM Q7 "BQ+?2KBbi`v UL*@Al"VX
LQK2M+Him`2 Q7 B`QM@bmH7m` T`Qi2BMb _2+QKK2M/iBQMb- RNd3X "BQ+?BKB+ 2i
"BQT?vbB+ +i U""V @ _2pB2rb QM "BQ2M2`;2iB+b- 89NUkV,RyRĜRy8- m;mbi
RNdNX AaaL yjy9@9RdjX /QB, RyXRyRefyjy9@9RdjUdNVNyyRR@NX l_G ?iiT,ffrrrX
b+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2fTBBfyjy99RdjdNNyyRRNX
(jN) >B`Qb?B Jibm#` M/ Exm?BFQ a2FBX ai`m+im`H M/ 6mM+iBQMH .Bp2`bBiv Q7
62``2/QtBMb M/ _2Hi2/ S`Qi2BMbX AM _B+?`/ *KK+F- 2/BiQ`- /pM+2b BM AM@
Q`;MB+ *?2KBbi`v- pQHmK2 j3- T;2b kkjĜk3yX +/2KB+ S`2bb- CMm`v RNNkX
/QB, RyXRyRefay3N3@33j3Uy3Veyye8@jX l_G ?iiT,ffrrrXb+B2M+2/B`2+iX+QKf
b+B2M+2f`iB+H2fTBBfay3N333j3y3eyye8jX
(9y) > "`BMixBM;2`- : SHK2`- M/ _ > aM/bX PM i?2 HB;M/ }2H/ Q7 B`QM BM 72``2/QtBM
7`QK bTBM+? +?HQ`QTHbib M/ `2Hi2/ MQM?2K2 B`QM 2MxvK2bX S`Q+22/BM;b Q7 i?2
"B#HBQ;`T?v 3R
LiBQMH +/2Kv Q7 a+B2M+2b Q7 i?2 lMBi2/ aii2b Q7 K2`B+- 88UkV,jNdĜ9y9-
62#`m`v RNeeX AaaL yykd@39k9X l_G ?iiTb,ffrrrXM+#BXMHKXMB?X;QpfTK+f
`iB+H2bfSJ*kk9R8dfX
(9R) SX CX ai2T?2Mb- X CX h?QKbQM- CX "X _X .mMM- hX X E2B/2`HBM;- CX _rHBM;b- EX EX
_Q- M/ .X PX >HHX *B`+mH` /B+?`QBbK M/ K;M2iB+ +B`+mH` /B+?`QBbK Q7 B`QM@
bmH7m` T`Qi2BMbX "BQ+?2KBbi`v- RdUkkV,9ddyĜ9dd3- P+iQ#2` RNd3X AaaL yyye@kNeyX
/QB, RyXRykRf#ByyeR8ykeX l_G ?iiTb,ff/QBXQ`;fRyXRykRf#ByyeR8ykeX
(9k) CQ?M *X JX hbB#`Bb M/ _Q#2`i qX qQQ/vX ai`m+im`H bim/B2b Q7 B`QM@bmH7m` T`Q@
i2BMbX *QQ`/BMiBQM *?2KBbi`v _2pB2rb- 8U9V,9RdĜ983- .2+2K#2` RNdyX AaaL yyRy@
3898X /QB, RyXRyRefayyRy@3898UyyV3yRyy@NX l_G ?iiT,ffrrrXb+B2M+2/B`2+iX
+QKfb+B2M+2f`iB+H2fTBBfayyRy3898yy3yRyyNX
(9j) SX >Q?2M#2`; M/ qX EQ?MX AM?QKQ;2M2Qmb 1H2+i`QM :bX S?vbB+H _2pB2r- Rje
Uj"V,"3e9Ĝ"3dR- LQp2K#2` RNe9X /QB, RyXRRyjfS?vb_2pXRjeX"3e9X l_G ?iiTb,
ffHBMFXTbXQ`;f/QBfRyXRRyjfS?vb_2pXRjeX"3e9X
(99) 1X a+?`ƺ/BM;2`X ZmMiBbB2`mM; Hb 1B;2Mr2`iT`Q#H2KX MMH2M /2` S?vbBF- j39U9V,
jeRĜjde- RNkeX AaaL R8kR@j33NX /QB, RyXRyykfM/TXRNkej39y9y9X l_G ?iiTb,
ffQMHBM2HB#``vXrBH2vX+QKf/QBf#bfRyXRyykfM/TXRNkej39y9y9X
(98) SmH /`B2M Jm`B+2 .B`+X h?2 [mMimK i?2Q`v Q7 i?2 2H2+i`QMX S`Q+X _X
aQ+X GQM/X - RRdUdd3V,eRyĜek9- 62#`m`v RNk3X AaaL yN8y@Rkyd- ky8j@NR8yX
/QB, RyXRyN3f`bTXRNk3XyykjX l_G ?iiT,ff`bTX`QvHbQ+B2ivTm#HBb?BM;XQ`;f
+QMi2MifRRdfdd3feRyX
(9e) iiBH ax#Q M/ L2BH aX PbiHmM/X JQ/2`M ZmMimK *?2KBbi`vX J+KBHHM- L2r
uQ`F- RN3kX
(9d) qX EQ?M M/ GX CX a?KX a2H7@*QMbBbi2Mi 1[miBQMb AM+Hm/BM; 1t+?M;2 M/
*Q``2HiBQM 1z2+ibX S?vbB+H _2pB2r- R9yU9V,RRjjĜRRj3- LQp2K#2` RNe8X
/QB, RyXRRyjfS?vb_2pXR9yXRRjjX l_G ?iiTb,ffHBMFXTbXQ`;f/QBfRyXRRyjf
S?vb_2pXR9yXRRjjX
(93) 1X 62`KBX 1BM2 biiBbiBb+?2 J2i?Q/2 xm` "2biBKKmM; 2BMB;2` 1B;2Mb+?7i2M
/2b iQKb mM/ B?`2 Mr2M/mM; m7 /B2 h?2Q`B2 /2b T2`BQ/Bb+?2M avbi2Kb /2`
1H2K2Mi2X w2Bib+?`B7i 7Ƀ` S?vbBF- 93UR@kV,djĜdN- CMm`v RNk3X AaaL yy99@
jjk3X /QB, RyXRyydf"6yRj8R8deX l_G ?iiTb,ffHBMFXbT`BM;2`X+QKf`iB+H2f
RyXRyydf"6yRj8R8deX
(9N) GX >X h?QKbX h?2 +H+mHiBQM Q7 iQKB+ }2H/bX Ji?2Ki@
B+H S`Q+22/BM;b Q7 i?2 *K#`B/;2 S?BHQbQT?B+H aQ+B2iv- kjU8V,
"B#HBQ;`T?v 3k




(8y) lX pQM "`i? M/ GX >2/BMX  HQ+H 2t+?M;2@+Q``2HiBQM TQi2MiBH 7Q` i?2 bTBM
TQH`Bx2/ +b2X BX CQm`MH Q7 S?vbB+b *, aQHB/ aii2 S?vbB+b- 8URjV,RekN- RNdkX
AaaL yykk@jdRNX /QB, RyXRy33fyykk@jdRNf8fRjfyRkX l_G ?iiT,ffbi+FbXBQTX
Q`;fyykk@jdRNf8fB4Rjf4yRkX
(8R) aX >X oQbFQ- GX qBHF- M/ JX LmbB`X ++m`i2 bTBM@/2T2M/2Mi 2H2+i`QM HB[mB/
+Q``2HiBQM 2M2`;B2b 7Q` HQ+H bTBM /2MbBiv +H+mHiBQMb,  +`BiB+H MHvbBbX *M/BM
CQm`MH Q7 S?vbB+b- 83U3V,RkyyĜRkRR- m;mbi RN3yX AaaL yyy3@9ky9X /QB, RyXRRjNf
T3y@R8NX l_G ?iiT,ffrrrXM`+`2b2`+?T`2bbX+QKf/QBf#bfRyXRRjNfT3y@R8NX
(8k) CQ?M SX S2`/2r M/ um2 qM;X ++m`i2 M/ bBKTH2 MHviB+ `2T`2b2MiiBQM Q7
i?2 2H2+i`QM@;b +Q``2HiBQM 2M2`;vX S?vbB+H _2pB2r "- 98UkjV,Rjk99ĜRjk9N- CmM2
RNNkX /QB, RyXRRyjfS?vb_2p"X98XRjk99X l_G ?iiTb,ffHBMFXTbXQ`;f/QBfRyX
RRyjfS?vb_2p"X98XRjk99X
(8j) CQ?M SX S2`/2r M/ qM; um2X ++m`i2 M/ bBKTH2 /2MbBiv 7mM+iBQMH 7Q` i?2
2H2+i`QMB+ 2t+?M;2 2M2`;v, :2M2`HBx2/ ;`/B2Mi TT`QtBKiBQMX S?vbB+H _2pB2r
"- jjURkV,33yyĜ33yk- CmM2 RN3eX /QB, RyXRRyjfS?vb_2p"XjjX33yyX l_G ?iiTb,
ffHBMFXTbXQ`;f/QBfRyXRRyjfS?vb_2p"XjjX33yyX
(89) CQ?M SX S2`/2rX 1``imK, .2MbBiv@7mM+iBQMH TT`QtBKiBQM 7Q` i?2 +Q``2HiBQM
2M2`;v Q7 i?2 BM?QKQ;2M2Qmb 2H2+i`QM ;bX S?vbB+H _2pB2r "- j9URyV,d9yeĜd9ye-
LQp2K#2` RN3eX /QB, RyXRRyjfS?vb_2p"Xj9Xd9yeX l_G ?iiTb,ffHBMFXTbXQ`;f
/QBfRyXRRyjfS?vb_2p"Xj9Xd9yeX
(88) X .X "2+F2X .2MbBiv@7mM+iBQMH 2t+?M;2@2M2`;v TT`QtBKiBQM rBi? +Q``2+i
bvKTiQiB+ #2?pBQ`X S?vbB+H _2pB2r - j3UeV,jyN3ĜjRyy- a2Ti2K#2` RN33X
/QB, RyXRRyjfS?vb_2pXj3XjyN3X l_G ?iiTb,ffHBMFXTbXQ`;f/QBfRyXRRyjf
S?vb_2pXj3XjyN3X
(8e) *?2M;i2? G22- q2BiQ uM;- M/ _Q#2`i :X S``X .2p2HQTK2Mi Q7 i?2 *QHH2@
aHp2iiB +Q``2HiBQM@2M2`;v 7Q`KmH BMiQ  7mM+iBQMH Q7 i?2 2H2+i`QM /2MbBivX S?vb@
B+H _2pB2r "- jdUkV,d38Ĝd3N- CMm`v RN33X /QB, RyXRRyjfS?vb_2p"XjdXd38X l_G
?iiTb,ffHBMFXTbXQ`;f/QBfRyXRRyjfS?vb_2p"XjdXd38X
(8d) t2H .X "2+F2X  M2r KBtBM; Q7 >`i`22 m 6Q+F M/ HQ+H /2MbBiv  7mM+iBQMH
i?2Q`B2bX h?2 CQm`MH Q7 *?2KB+H S?vbB+b- N3UkV,RjdkĜRjdd- CMm`v RNNjX AaaL
"B#HBQ;`T?v 3j
yykR@NeyeX /QB, RyXRyejfRX9e9jy9X l_G ?iiTb,ffBTXb+BiiBQMXQ`;f/QBfRyX
RyejfRX9e9jy9X
(83) X .X "2+F2X *Q``2HiBQM 2M2`;v Q7 M BM?QKQ;2M2Qmb 2H2+i`QM ;b,  +QQ`/BMi2
 bT+2 KQ/2HX h?2 CQm`MH Q7 *?2KB+H S?vbB+b- 33UkV,Ry8jĜRyek- CMm`v RN33X
AaaL yykR@NeyeX /QB, RyXRyejfRX989kd9X l_G ?iiTb,ffBTXb+BiiBQMXQ`;f/QBf
RyXRyejfRX989kd9X
(8N) uM w?Q M/ .QMH/ :X h`m?H`X h?2 Jye bmBi2 Q7 /2MbBiv 7mM+iBQMHb 7Q`
KBM ;`QmT i?2`KQ+?2KBbi`v- i?2`KQ+?2KB+H FBM2iB+b- MQM+QpH2Mi BMi2`+iBQMb-
2t+Bi2/ bii2b- M/ i`MbBiBQM 2H2K2Mib, irQ M2r 7mM+iBQMHb M/ bvbi2KiB+
i2biBM; Q7 7Qm` Jye@+Hbb 7mM+iBQMHb M/ Rk Qi?2` 7mM+iBQMHbX h?2Q`2iB+H
*?2KBbi`v ++QmMib- RkyUR@jV,kR8Ĝk9R- CmHv kyydX AaaL R9jk@33Rs- R9jk@kkj9X
/QB, RyXRyydfbyykR9@yyd@yjRy@tX l_G ?iiT,ffHBMFXbT`BM;2`X+QKf`iB+H2f
RyXRyydfbyykR9@yyd@yjRy@tX
(ey) CQ?M SX S2`/2r- EB2`QM "m`F2- M/ Jii?Bb 1`Mx2`?Q7X :2M2`HBx2/ :`/B2Mi
TT`QtBKiBQM J/2 aBKTH2X S?vbB+H _2pB2r G2ii2`b- ddUR3V,j3e8Ĝj3e3- P+iQ#2`
RNNeX /QB, RyXRRyjfS?vb_2pG2iiXddXj3e8X l_G ?iiTb,ffHBMFXTbXQ`;f/QBfRyX
RRyjfS?vb_2pG2iiXddXj3e8X
(eR) SX JX *QHKM- >X *X 6`22KM- CX JX :mbb- JX Jm`i- oX X LQ``Bb- CX X JX
_Kb?r- M/ JX SX o2MFiTTX s@`v +`vbiH bi`m+im`2 MHvbBb Q7 THbiQ+vMBM
i kXd %(M;bi)% `2bQHmiBQMX Lim`2- kdkU8e8RV,jRNĜjk9- J`+? RNd3X AaaL yyk3@
y3jeX /QB, RyXRyj3fkdkjRNyX l_G ?iiT,ffrrrXMim`2X+QKfMim`2fDQm`MHf
pkdkfM8e8Rf#bfkdkjRNyX?iKHX
(ek) 1X hX /KM M/ GX >X C2Mb2MX ai`m+im`H 62im`2b Q7 xm`BM i kXd ³ _2bQ@
HmiBQMX Ab`2H CQm`MH Q7 *?2KBbi`v- kRURV,3ĜRk- CMm`v RN3RX AaaL R3eN@83e3X
/QB, RyXRyykfBD+?XRN3RyyyyjX l_G ?iiT,ffQMHBM2HB#``vXrBH2vX+QKf/QBfRyX
RyykfBD+?XRN3Ryyyyjf#bi`+iX
(ej) EQMbiMiBMQb S`bF2pQTQmHQb- J?2b? amM/``DM- _D22p am`2M/`M-
JB+?2H X >Qm;?- _Q#2`i _X 1/v- AM >X >BHHB2`- M/ aX aK` >bMBMX +iBp2
bBi2 bi`m+im`2b M/ i?2 `2/Qt T`QT2`iB2b Q7 #Hm2 +QTT2` T`Qi2BMb, iQKB+ `2bQHm@
iBQM bi`m+im`2 Q7 xm`BM AA M/ 2H2+i`QMB+ bi`m+im`2 +H+mHiBQMb Q7 xm`BM- THbiQ@
+vMBM M/ bi2HH+vMBMX .HiQM h`Mb+iBQMb- yUk8V,jyedĜjyde- CmM2 kyyeX AaaL
R9dd@Nkj9X /QB, RyXRyjNf"8RjN9k"X l_G ?iiT,ffTm#bX`b+XQ`;f2Mf+QMi2Mif
`iB+H2HM/BM;fkyyef/if#8RjN9k#X
(e9) J`DQ`B2 JX >`/BM;- Jii?2r qX LQrB+FB- M/ JH+QHK .X qHFBMb?rX J2iHb
BM T`Qi2BM bi`m+im`2b,  `2pB2r Q7 i?2B` T`BM+BTH 72im`2bX *`vbiHHQ;`T?v _2pB2rb-
"B#HBQ;`T?v 39
ReU9V,k9dĜjyk- P+iQ#2` kyRyX AaaL y33N@jRRsX /QB, RyXRy3yfy33NjRRsXkyRyX
938eReX l_G ?iiT,ff/tX/QBXQ`;fRyXRy3yfy33NjRRsXkyRyX938eReX
(e8) .pB/ 1X >2TTM2`- *?`BbiBM >X ED2`;`/- M/ 1/r`/ AX aQHQKQMX J2+?MBbK
Q7 i?2 _2/m+iBQM Q7 i?2 LiBp2 AMi2`K2/Bi2 BM i?2 JmHiB+QTT2` PtB/b2b, AMbB;?ib
BMiQ _TB/ AMi`KQH2+mH` 1H2+i`QM h`Mb72` BM hm`MQp2`X CQm`MH Q7 i?2 K2`B+M
*?2KB+H aQ+B2iv- RjeU8RV,Rdd33ĜRd3yR- .2+2K#2` kyR9X AaaL yyyk@d3ejX /QB,
RyXRykRfD8yNR8yDX l_G ?iiT,ff/tX/QBXQ`;fRyXRykRfD8yNR8yDX
(ee) _  >QHr2`/- a q?2`HM/- M/ M/ >X "X :`vX 1H2+i`QM h`Mb72` _2+iBQMb Q7
*QTT2` S`Qi2BMbX MMmH _2pB2r Q7 "BQT?vbB+b M/ "BQ2M;BM22`BM;- 8URV,jejĜjNe-
RNdeX /QB, RyXRR9efMMm`2pX##Xy8XyeyRdeXyyky8RX l_G ?iiT,ff/tX/QBXQ`;fRyX
RR9efMMm`2pX##Xy8XyeyRdeXyyky8RX
(ed) 1/r`/ AX aQHQKQM- C2z`2v qX >`2- .pB/ JX .QQH2v- CQ?M >X .rbQM- S?BHBT CX
ai2T?2Mb- M/ >``v "X :`vX aT2+i`Qb+QTB+ bim/B2b Q7 bi2HH+vMBM- THbiQ+vMBM-
M/ xm`BMX 1H2+i`QMB+ bi`m+im`2 Q7 i?2 #Hm2 +QTT2` bBi2bX CQm`MH Q7 i?2 K2`B+M
*?2KB+H aQ+B2iv- RykURV,Re3ĜRd3- CMm`v RN3yX AaaL yyyk@d3ejX /QB, RyXRykRf
Dyy8kRykNX l_G ?iiT,ff/tX/QBXQ`;fRyXRykRfDyy8kRykNX
(e3) .pB/ _X J+JBHHBM M/ J`;`2i *X JQ``BbX 6m`i?2` T2`bT2+iBp2b QM i?2 +?`;2
i`Mb72` i`MbBiBQMb Q7 #Hm2 +QTT2` T`Qi2BMb M/ i?2 HB;M/ KQB2iB2b BM bi2HH+vMBMX
S`Q+22/BM;b Q7 i?2 LiBQMH +/2Kv Q7 a+B2M+2b Q7 i?2 lMBi2/ aii2b Q7 K2`B+-
d3URRV,e8edĜe8dy- LQp2K#2` RN3RX AaaL yykd@39k9X l_G ?iiT,ffrrrXM+#BXMHKX
MB?X;QpfTK+f`iB+H2bfSJ*j9Ny33fX
(eN) 1X "QmrKM- qX GX .`B2bb2M- M/ CX _22/BDFX JQ/2H bvbi2Kb 7Q` ivT2 A +QT@
T2` T`Qi2BMb, bi`m+im`2b Q7 +QTT2` +QQ`/BMiBQM +QKTQmM/b rBi? i?BQ2i?2` M/
xQH2@+QMiBMBM; HB;M/bX *QQ`/BMiBQM *?2KBbi`v _2pB2rb- Ry9URV,R9jĜRdk- CmHv
RNNyX AaaL yyRy@3898X /QB, RyXRyRefyyRy@3898UNyV3yy9k@_X l_G ?iiT,ffrrrX
b+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2fTBBfyyRy3898Ny3yy9k_X
(dy) .B ZBm- a?QmHBM .QM;- CQ2H u#2- JB+?2H >2+?i- M/ h?QKb :X aTB`QX o`BiBQMb
BM i?2 hvT2 A *QTT2` S`Qi2BM *QQ`/BMiBQM :`QmT, _2bQMM+2 _KM aT2+i`mK Q7
j9b@- e8+m@- M/ R8M@G#2H2/ SHbiQ+vMBMX CQm`MH Q7 i?2 K2`B+M *?2KB+H aQ@
+B2iv- RRdUk9V,e99jĜe99e- CmM2 RNN8X AaaL yyyk@d3ejX /QB, RyXRykRfDyyRkNyy8X
l_G ?iiT,ff/tX/QBXQ`;fRyXRykRfDyyRkNyy8X
(dR) 1/r`/ AX aQHQKQM- S2M; *?2M- J`Fmb J2ix- aM;@Evm G22- M/ Kv 1X SHK2`X
Ptv;2M "BM/BM;- +iBpiBQM- M/ _2/m+iBQM iQ qi2` #v *QTT2` S`Qi2BMbX M;2@
rM/i2 *?2KB2 UAMi2`MiBQMH 1/X BM 1M;HBb?V- 9yUk9V,98dyĜ98Ny- .2+2K#2` kyyRX
AaaL R8kR@jddjX
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(dk) EHmb SBQMi2F- Jii2Q MiQ`BMB- M/ h?QKb *?QBMQrbFBX *`vbiH ai`m+im`2
Q7  G++b2 7`QK i?2 6mM;mbh`K2i2b p2`bB+QHQ` i RXNy@³ _2bQHmiBQM *QM@
iBMBM;  6mHH *QKTH2K2Mi Q7 *QTT2`bX CQm`MH Q7 "BQHQ;B+H *?2KBbi`v- kdd
U9yV,jdeejĜjdeeN- P+iQ#2` kyykX AaaL yykR@Nk83- Ry3j@j8RsX l_G ?iiT,
ffrrrXD#+XQ`;f+QMi2Mifkddf9yfjdeejX
(dj) a2`;2v a?H22p- CM hF+- M/`2b *?`Bbi2MbQM- hmi;B`/b _mx;b- H2tM/2` AX
u`QTQHQp- CK2b qX q?BiiF2`- M/ GQ :Q`iQMX .B`2+i 2H2+i`QM i`Mb72` #2ir22M
+QTT2`@+QMiBMBM; T`Qi2BMb M/ 2H2+i`Q/2bX "BQb2MbQ`b M/ "BQ2H2+i`QMB+b- kyURkV,
k8RdĜk889- CmM2 kyy8X AaaL yN8e@8eejX /QB, RyXRyRefDX#BQbXkyy9XRyXyyjX l_G
?iiT,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2fTBBfayN8e8eejy9yy983yX
(d9) J`i 62```QMB- LBM JX JvbQ2/Qp- o/BK a+?Ki+?2MFQ- H2t2v X G2QM@
iB2pbFv- Gm/KBH X :QHQpH2p- M/`2 a+Qxx7p- M/ 6#`BxBQ "`B;MiBX *`vbiH
bi`m+im`2 Q7  #Hm2 H++b2 7`QK G2MiBMmb iB;`BMmb, 2pB/2M+2b 7Q` BMi2`K2/Bi2b BM
i?2 KQH2+mH` Qtv;2M `2/m+iBp2 bTHBiiBM; #v KmHiB+QTT2` QtB/b2bX "J* ai`m+@
im`H "BQHQ;v- d,ey- kyydX AaaL R9dk@e3ydX /QB, RyXRR3efR9dk@e3yd@d@eyX l_G
?iiT,ff/tX/QBXQ`;fRyXRR3efR9dk@e3yd@d@eyX
(d8) hF2b?B aFm`B M/ EmMBb?B;2 EiQFX "bB+ M/ TTHB2/ 72im`2b Q7 KmHiB@
+QTT2` QtB/b2b- *m2P- #BHB`m#BM QtB/b2- M/ H++b2X h?2 *?2KB+H _2+Q`/-
dU9V,kkyĜkkN- CMm`v kyydX AaaL R8k3@yeNRX /QB, RyXRyykfi+`XkyRk8X l_G
?iiT,ffQMHBM2HB#``vXrBH2vX+QKf/QBfRyXRyykfi+`XkyRk8f#bi`+iX
(de) CmM;DQQ uQQM M/ 1/r`/ AX aQHQKQMX 1H2+i`QMB+ bi`m+im`2b Q7 2t+?M;2 +Qm@
TH2/ i`B;QMH i`BK2`B+ *mUAAV +QKTH2t2b, aTBM 7`mbi`iBQM- MiBbvKK2i`B+ 2t+?M;2-
Tb2m/Q@ i2`Kb- M/ i?2B` `2HiBQM iQ Pk +iBpiBQM BM i?2 KmHiB+QTT2` QtB/b2bX
*QQ`/BMiBQM *?2KBbi`v _2pB2rb- k8RUj m 9V,jdNĜ9yy- 62#`m`v kyydX AaaL yyRy@
3898X /QB, RyXRyRefDX++`XkyyeXy9XyRkX l_G ?iiT,ffrrrXb+B2M+2/B`2+iX+QKf
b+B2M+2f`iB+H2fTBBfayyRy3898yeyyRRdkX
(dd) GBHBM ZmBMiM`- *?`BbiQT?2` aiQD- H2tM/2` "X hvHQ`- SX CQ?M >`i- .MB2H CX
EQbKM- M/ 1/r`/ AX aQHQKQMX a?HH q2 .M+2\ >Qr  JmHiB+QTT2` PtB/b2
*?QQb2b Aib 1H2+i`QM h`Mb72` S`iM2`X ++QmMib Q7 *?2KB+H _2b2`+?- 9yUeV,
998Ĝ98k- CmM2 kyydX AaaL yyyR@939kX /QB, RyXRykRf`eyyy8RX l_G ?iiT,ff/tX
/QBXQ`;fRyXRykRf`eyyy8RX
(d3) CmM;DQQ uQQM- "``v .X GB#QB`QM- _BiBKmFi a`M;B- E2Bi? PX >Q/;bQM- "`Bii
>2/KM- M/ 1/r`/ AX aQHQKQMX h?2 irQ QtB/Bx2/ 7Q`Kb Q7 i?2 i`BMm+H2` *m
+Hmbi2` BM i?2 KmHiB+QTT2` QtB/b2b M/ K2+?MBbK 7Q` i?2 /2+v Q7 i?2 MiBp2 BMi2`@
K2/Bi2X S`Q+22/BM;b Q7 i?2 LiBQMH +/2Kv Q7 a+B2M+2b- Ry9Uj9V,RjeyNĜRjeR9-
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m;mbi kyydX AaaL yykd@39k9- RyNR@e9NyX /QB, RyXRydjfTMbXydy8RjdRy9X l_G
?iiT,ffrrrXTMbXQ`;f+QMi2MifRy9fj9fRjeyNX
(dN) EmMBb?B;2 EiQF- >B`Q7mKB EQKQ`B- umbFm l2FB- umbmF2 EQMMQ- umDB EKB@
iF- a?BMDB Em`Qb2- a2Bv hbmDBKm`- uQb?BFB >B;m+?B- E2MDB EMQ- .BbmF2 a2Q-
M/ hF2b?B aFm`BX ai`m+im`2 M/ 6mM+iBQM Q7 i?2 1M;BM22`2/ JmHiB+QTT2` Pt@
B/b2 *m2P 7`QK 1b+?2`B+?B +QHB⾴.2H2iBQM Q7 i?2 J2i?BQMBM2@_B+? >2HB+H _2@
;BQM *Qp2`BM; i?2 am#bi`i2@"BM/BM; aBi2X CQm`MH Q7 JQH2+mH` "BQHQ;v- jdjURV,
R9RĜR8k- P+iQ#2` kyydX AaaL yykk@k3jeX /QB, RyXRyRefDXDK#XkyydXydXy9RX l_G
?iiT,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2fTBBfayykkk3jeydyyNeNkX
(3y) E``2` uX .DQFQ- G22 sBM *?QM;- Mi?QMv :X q2//- M/ w?B;mM; sBQX _2+@
iBQM J2+?MBbKb Q7 i?2 JmHiB+QTT2` PtB/b2 *m2P 7`QK 1b+?2`B+?B +QHB amTTQ`i
Aib 6mM+iBQMH _QH2 b  *mT`Qmb PtB/b2X CQm`MH Q7 i?2 K2`B+M *?2KB+H aQ@
+B2iv- RjkUeV,kyy8ĜkyR8- 62#`m`v kyRyX AaaL yyyk@d3ejX /QB, RyXRykRfDNyNRNyjX
l_G ?iiT,ff/tX/QBXQ`;fRyXRykRfDNyNRNyjX
(3R) Mi?QMv CX m;mbiBM2- *?`BbiBM ED2`;`/- JmMx`BM ZvvmK- GvMM wB2;H2`-
.MB2H CX EQbKM- E2Bi? PX >Q/;bQM- "`Bii >2/KM- M/ 1/r`/ AX aQHQKQMX
avbi2KiB+ S2`im`#iBQM Q7 i?2 h`BMm+H2` *QTT2` *Hmbi2` BM i?2 JmHiB+QTT2` Pt@
B/b2b, h?2 _QH2 Q7 +iBp2 aBi2 bvKK2i`v BM Aib _2/m+iBQM Q7 Pk iQ >kQX CQm`MH
Q7 i?2 K2`B+M *?2KB+H aQ+B2iv- RjkURdV,ey8dĜeyed- Jv kyRyX AaaL yyyk@d3ejX
/QB, RyXRykRfDNyNR9j/X l_G ?iiT,ff/tX/QBXQ`;fRyXRykRfDNyNR9j/X
(3k) Ab#2H S`/Q M/ ambM *K`2`QX G++b2 2M;BM22`BM; #v `iBQMH M/ 2pQHm@
iBQM`v /2bB;MX *2HHmH` M/ JQH2+mH` GB72 a+B2M+2b- dkU8V,3NdĜNRy- kyR8X AaaL
R9ky@e3ksX /QB, RyXRyydfbyyyR3@yR9@R3k9@3X l_G ?iiT,ffrrrXM+#BXMHKXMB?X
;QpfTK+f`iB+H2bfSJ*9jkj8RdfX
(3j) .pB/ _Q#BMbQM M/ LB+?QHb X "2bH2vX JQ/2HHBM; i?2 bT2+i`Qb+QTv M/ /vMKB+b
Q7 THbiQ+vMBMX S?vbB+H +?2KBbi`v +?2KB+H T?vbB+b, S**S- RkUjjV,NeedĜNede-
a2Ti2K#2` kyRyX AaaL R9ej@Ny39X /QB, RyXRyjNf+yyR3y8?X
(39) ai27MQ *Q`MB- 6`M+2b+ .2 _B2MxQ- _Qb .B 62HB+2- M/ 1HBb JQHBM`BX _QH2
Q7 i?2 2H2+i`QMB+ T`QT2`iB2b Q7 xm`BM +iBp2 bBi2 BM i?2 2H2+i`QM@i`Mb72` T`Q+2bbX
AMi2`MiBQMH CQm`MH Q7 ZmMimK *?2KBbi`v- RykUjV,jk3Ĝj9k- CMm`v kyy8X AaaL
RyNd@9eRsX /QB, RyXRyykf[mXkyjd9X l_G ?iiT,ffQMHBM2HB#``vXrBH2vX+QKf
/QBfRyXRyykf[mXkyjd9f#bi`+iX
(38) uM w?Q M/ .QMH/ :X h`m?H`X *QKTmiiBQMH +?`+i2`BxiBQM M/ KQ/2HBM;
Q7 #m+Fv#HH ir22x2`b, /2MbBiv 7mM+iBQMH bim/v Q7 +QM+p2m +QMp2t̰ ̰ BMi2`+@
iBQMbX S?vbB+H *?2KBbi`v *?2KB+H S?vbB+b- RyURNV,k3RjĜk3R3- Jv kyy3X AaaL
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R9ej@Ny39X /QB, RyXRyjNf"dRdd991X l_G ?iiT,ffTm#bX`b+XQ`;f2Mf+QMi2Mif
`iB+H2HM/BM;fkyy3f+Tf#dRdd992X
(3e) lK2b? q`/2- Gv/B _?vKM- SQMM/m`B _KbKB- M/ L;BvM a2F`X
.6h aim/B2b Q7 i?2 S?QiQT?vbB+H S`QT2`iB2b Q7 6HmQ`2b+2Mi M/ a2KB+QM/m+@
iQ` SQHv+v+HB+ "2MxBKB/xQH2 .2`BpiBp2bX CQm`MH Q7 6HmQ`2b+2M+2- k8UjV,e38ĜeN9-
J`+? kyR8X AaaL Ry8j@y8yN- R8dj@9NN9X /QB, RyXRyydfbRy3N8@yR8@R889@NX l_G
?iiT,ffHBMFXbT`BM;2`X+QKf`iB+H2fRyXRyydfbRy3N8@yR8@R889@NX
(3d) um`v JBM2MFQp- ³bKmM/ aBM;bi/- :BQpMMB P++?BTBMiB- M/ oB/` _X C2Mb2MX
h?2 ++m`+v Q7 .6h@QTiBKBx2/ ;2QK2i`B2b Q7 7mM+iBQMH i`MbBiBQM K2iH +QK@
TQmM/b,  pHB/iBQM bim/v Q7 +iHvbib 7Q` QH2}M K2ii?2bBb M/ Qi?2` `2+iBQMb
BM i?2 ?QKQ;2M2Qmb T?b2X .HiQM h`Mb+iBQMb- 9RUR3V,88keĜ889R- T`BH kyRkX
AaaL R9dd@Nkj9X /QB, RyXRyjNf*k.hRkkjk.X l_G ?iiT,ffTm#bX`b+XQ`;f2Mf
+QMi2Mif`iB+H2HM/BM;fkyRkf/if+k/iRkkjk/X
(33) .BH2F *QbFmM- ai2p2M oX C2`QK2- M/ _B+?`/ X 6`B2bM2`X 1pHmiBQM Q7 i?2 S2`@
7Q`KM+2 Q7 i?2 "jHvT- S"1y- M/ Jye .6h 6mM+iBQMHb- M/ ."GP*@*Q``2+i2/
o2`bBQMb- BM i?2 *H+mHiBQM Q7 _2/Qt SQi2MiBHb M/ aTBM aTHBiiBM;b 7Q` h`MbBiBQM
J2iH *QMiBMBM; avbi2KbX CQm`MH Q7 *?2KB+H h?2Q`v M/ *QKTmiiBQM- RkUjV,
RRkRĜRRk3- J`+? kyReX AaaL R89N@NeR3X /QB, RyXRykRf+bXD+i+X8#yyd3kX l_G
?iiT,ff/tX/QBXQ`;fRyXRykRf+bXD+i+X8#yyd3kX
(3N) hQKQ7mKB a?mFm- EBKBFxm am;BKQ`B- vmKm am;BvK- >B/2KB L;Q- hF2b?B
aFm`B- M/ EBvQb?B LBb?BFrX JQH2+mH` Q`#BiH MHvbBb Q7 +iBp2 bBi2 Q7 QtB@
/Bx2/ xm`BM, .2T2M/2M+v Q7 2H2+i`QMB+ T`QT2`iB2b QM KQH2+mH` bi`m+im`2X SQHv?2@
/`QM- k9URe m RdV,kee8Ĝkedy- LQp2K#2` kyy8X AaaL ykdd@8j3dX /QB, RyXRyRef
DXTQHvXkyy8XyjXR9RX l_G ?iiT,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2f
TBBfaykdd8j3dy8yyjk3RX
(Ny) vmKm am;BvK- EBKBFxm am;BKQ`B- hQKQ7mKB a?mFm- hB+?B LFKm`- >B@
`QFB aBiQ- >B/2KB L;Q- >B`QvmFB Er#2- M/ EBvQb?B LBb?BFrX 1H2+@
i`QMB+ bi`m+im`2 Q7 i?2 +iBp2 bBi2 rBi? irQ +QM};m`iBQMb Q7 xm`BMX AMi2`M@
iBQMH CQm`MH Q7 ZmMimK *?2KBbi`v- Ry8UeV,833Ĝ8N8- CMm`v kyy8X AaaL RyNd@
9eRsX /QB, RyXRyykf[mXkyd3jX l_G ?iiT,ffQMHBM2HB#``vXrBH2vX+QKf/QBf
RyXRyykf[mXkyd3jf#bi`+iX
(NR) EBKBFxm am;BKQ`B- hQKQ7mKB a?mFm- vmKm am;BvK- >B/2KB L;Q- hF2b?B
aFm`B- M/ EBvQb?B LBb?BFrX aQHp2Mi 2z2+ib QM 2H2+i`QMB+ bi`m+im`2 Q7 +iBp2
bBi2 Q7 xm`BM #v TQH`Bx#H2 +QMiBMmmK KQ/2HX SQHv?2/`QM- k9URem RdV,kedRĜked8-
LQp2K#2` kyy8X AaaL ykdd@8j3dX /QB, RyXRyRefDXTQHvXkyy8XyjXR9yX l_G ?iiT,
ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2fTBBfaykdd8j3dy8yyjkdsX
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(Nk) JX CX 6`Bb+?- :X qX h`m+Fb- >X "X a+?H2;2H- :X 1X a+mb2`B- JX X _Q##- CX _X
*?22b2KM- :X a+HKMB- oX "`QM2- "X J2MMm++B- :X X S2i2`bbQM- >X LFibmDB-
JX *`B+iQ- sX GB- >X SX >`i+?BM- X 6X AxKvHQp- CX "HQBMQ- :X w?2M;- CX GX
aQMM2M#2`;- JX >/- JX 1?`- EX hQvQi- _X 6mFm/- CX >b2;r- JX Ab?B/-
hX LFDBK- uX >QM/- PX EBiQ- >X LFB- hX o`2p2M- CX X JQMi;QK2`v- CX 1X
S2`Hi- 6X P;HB`Q- JX "2`T`F- CX CX >2v/- 1X "`Qi?2`b- EX LX Em/BM- oX LX
ai`Qp2`Qp- _X EQ#vb?B- CX LQ`KM/- EX _;?p+?`B- X _2M/2HH- CX *X "m`Mi-
aX aX Av2M;`- CX hQKbB- JX *QbbB- LX _2;- CX JX JBHHK- JX EH2M2- CX 1X EMQt-
CX "X *`Qbb- oX "FF2M- *X /KQ- CX C`KBHHQ- _X :QKT2`ib- _X 1X ai`iKMM-
PX uxv2p- X CX mbiBM- _X *KKB- *X SQK2HHB- CX qX P+?i2`bFB- _X GX J`iBM-
EX JQ`QFmK- oX :X wF`x2rbFB- :X X oQi?- SX aHp/Q`- CX CX .MM2M#2`;-
aX .TT`B+?- X .X .MB2Hb- PX 6`Fb- CX "X 6Q`2bKM- CX oX P`iBx- CX *BQbHQrbFB-
M/ .X CX 6QtX :mbbBM yN- _2pBbBQM 1XyR- kyyNX
(Nj) lX *?M/` aBM;? M/ S2i2` X EQHHKMX M TT`Q+? iQ +QKTmiBM; 2H2+@
i`QbiiB+ +?`;2b 7Q` KQH2+mH2bX CQm`MH Q7 *QKTmiiBQMH *?2KBbi`v- 8UkV,
RkNĜR98- T`BH RN39X AaaL RyNe@N3dsX /QB, RyXRyykfD++X89yy8yky9X l_G
?iiT,ffQMHBM2HB#``vXrBH2vX+QKf/QBfRyXRyykfD++X89yy8yky9f#bi`+iX
(N9) "2M2/2ii J2MMm++BX SQH`Bx#H2 +QMiBMmmK KQ/2HX qBH2v AMi2`/Bb+BTHBM`v _2@
pB2rb, *QKTmiiBQMH JQH2+mH` a+B2M+2- kUjV,j3eĜ9y9- Jv kyRkX AaaL Rd8N@
y339X /QB, RyXRyykfr+KbXRy3eX l_G ?iiT,ffQMHBM2HB#``vXrBH2vX+QKf/QBf
RyXRyykfr+KbXRy3ef#bi`+iX
(N8) h`pBb oX >``Bb M/ _Q#2`i EX axBH;vBX S`Qi2BM 2MpB`QMK2MiH 2z2+ib QM B`QM@
bmH7m` +Hmbi2`b,  b2i Q7 `mH2b 7Q` +QMbi`m+iBM; +QKTmiiBQMH KQ/2Hb 7Q` BMM2`
M/ Qmi2` +QQ`/BMiBQM bT?2`2bX CQm`MH Q7 *QKTmiiBQMH *?2KBbi`v- jdUR3V,
Re3RĜReNe- CmHv kyReX AaaL RyNe@N3dsX /QB, RyXRyykfD++Xk9j39X l_G ?iiT,
ffQMHBM2HB#``vXrBH2vX+QKf/QBfRyXRyykfD++Xk9j39f#bi`+iX
(Ne) *?mMK2B GBm- "BM w?M;- uMvM w?m- M/ JBM;b?2M; hM;X 1pHmiBQMb Q7
J"1_ 7Q`+2 }2H/ T`K2i2`b #v JAL TT`Q+? 7Q` +QTT2`@#b2/ Mm+H2b2bX
ai`m+im`H *?2KBbi`v- T;2b RĜRe- Jv kyReX AaaL Ry9y@y9yy- R8dk@NyyRX /QB, RyX
RyydfbRRkk9@yRe@yde9@jX l_G ?iiT,ffHBMFXbT`BM;2`X+QKf`iB+H2fRyXRyydf
bRRkk9@yRe@yde9@jX
(Nd) hBKQi?v 1X J+?QMFBM- GBHBM ZmBMiM`- Kv 1X SHK2`- _B+?`/ >bb2ii-
a+Qii a2p2`M+2- .MB2H CX EQbKM- M/ 1/r`/ AX aQHQKQMX aT2+i`Qb+QTv M/
_2+iBpBiv Q7 i?2 hvT2 R *QTT2` aBi2 BM 62ijT 7`QK a++?`QKv+2b +2`2pBbB2,
*Q``2HiBQM Q7 ai`m+im`2 rBi? _2+iBpBiv BM i?2 JmHiB+QTT2` PtB/b2bX CQm`MH Q7
i?2 K2`B+M *?2KB+H aQ+B2iv- RkjUkjV,88ydĜ88Rd- CmM2 kyyRX AaaL yyyk@d3ejX
/QB, RyXRykRfDyyjNd8bX l_G ?iiT,ff/tX/QBXQ`;fRyXRykRfDyyjNd8bX
"B#HBQ;`T?v 3N
(N3) >``v "X :`v- "Q :X JHKbi`ƺK- M/ _X CX SX qBHHBKbX *QTT2` +QQ`/BMiBQM
BM #Hm2 T`Qi2BMbX C"A* CQm`MH Q7 "BQHQ;B+H AMQ`;MB+ *?2KBbi`v- 8U8V,88RĜ88N-
P+iQ#2` kyyyX AaaL yN9N@3k8d- R9jk@RjkdX /QB, RyXRyydfbyydd8yyyyR9eX l_G
?iiTb,ffHBMFXbT`BM;2`X+QKf`iB+H2fRyXRyydfbyydd8yyyyR9eX
(NN) M;2H CX .B "BHBQ- JB+?2H :X >BHH- LB+FHb "QMM/2`- "X :ƺ`M E`HbbQM- _M/v JX
oBHH?2`KQb- "Q :X JHKbi`ƺK- Cv _X qBMFH2`- M/ >``v "X :`vX _2Q`;MB@
xiBQM 1M2`;v Q7 "Hm2 *QTT2`, 1z2+ib Q7 h2KT2`im`2 M/ .`BpBM; 6Q`+2 QM i?2
_i2b Q7 1H2+i`QM h`Mb72` BM _mi?2MBmK@ M/ PbKBmK@JQ/B}2/ xm`BMbX CQm`MH
Q7 i?2 K2`B+M *?2KB+H aQ+B2iv- RRNU9RV,NNkRĜNNkk- P+iQ#2` RNNdX AaaL yyyk@
d3ejX /QB, RyXRykRfDNdR8R32X l_G ?iiT,ff/tX/QBXQ`;fRyXRykRfDNdR8R32X
(Ryy) JB+?2H .X GQr2`v M/ 1/r`/ AX aQHQKQMX tBH HB;M/ #QM/BM; BM #Hm2 +QT@
T2` T`Qi2BMbX AMQ`;MB+ *?BKB+ +i- RN3@kyyUamTTH2K2Mi *V,kjjĜk9j- m@
;mbi RNNkX AaaL yyky@ReNjX /QB, RyXRyRefayyky@ReNjUyyVNkje8@sX l_G ?iiT,
ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2fTBBfayykyReNjyyNkje8sX
(RyR) >mB GB- aBKQM SX q2##- CQb2T? ApMB+- M/ CM >X C2Mb2MX .2i2`KBMMib Q7 i?2
`2HiBp2 `2/m+iBQM TQi2MiBHb Q7 ivT2@R +QTT2` bBi2b BM T`Qi2BMbX CQm`MH Q7 i?2
K2`B+M *?2KB+H aQ+B2iv- RkeUk8V,3yRyĜ3yRN- CmM2 kyy9X AaaL yyyk@d3ejX /QB,
RyXRykRfDy9Nj98vX
(Ryk) .2rBM EX :`M2`- J`F .X om;?M- >22 CmM; >rM;- Jb? :X ap2HB2z-
ai2p2M JX "2``v- CQ?M 6X >QM2F- M/ uB GmX _2/m+iBQM SQi2MiBH hmMBM; Q7 i?2
"Hm2 *QTT2` *2Mi2` BM Sb2m/QKQMb 2`m;BMQb xm`BM #v i?2 tBH J2i?BQMBM2
b S`Q#2/ #v lMMim`H KBMQ +B/bX CQm`MH Q7 i?2 K2`B+M *?2KB+H aQ+B2iv-
Rk3U9NV,R8ey3ĜR8eRd- .2+2K#2` kyyeX AaaL yyyk@d3ejX /QB, RyXRykRfDyekdjkBX
l_G ?iiT,ff/tX/QBXQ`;fRyXRykRfDyekdjkBX
(Ryj) umDB EKBiF- a2Bv hbmDBKm`- EmMBb?B;2 EiQF- hF2b?B aFm`B- hQFmDB
AF2/- M/ E2MDB EMQX 1z2+ib Q7 tBH HB;M/ KmiiBQM Q7 i?2 ivT2 A +QT@
T2` bBi2 BM #BHB`m#BM QtB/b2 QM /B`2+i 2H2+i`QM i`Mb72`@ivT2 #BQ2H2+i`Q+iHviB+
`2/m+iBQM Q7 /BQtv;2MX CQm`MH Q7 1H2+i`QMHviB+H *?2KBbi`v- eyRURV,RRNĜRk9-
J`+? kyydX AaaL R8dk@ee8dX /QB, RyXRyRefDXD2H2+?2KXkyyeXRyXyj8X l_G ?iiT,
ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f`iB+H2fTBBfayykkydk3yeyyeR9yX
(Ry9) aM/` CX E`Q2b- *`H qX :X >QBiBMF- *QHBM _X M/`2r- CBM;vmM B- CQMM
aM/2`b@GQ2?`- H#`2+?i J2bb2`b+?KB/i- qBH7`2/ _X >;2M- M/ :2``/ qX
*Mi2`bX h?2 JmiiBQM J2iRkR Ƕ >Bb *`2i2b  hvT2@RX8 *QTT2` aBi2 BM
H+HB;2M2b /2MBi`B}+Mb xm`BMX 1m`QT2M CQm`MH Q7 "BQ+?2KBbi`v- k9yUkV,




(Ry8) a2`2M .2"22`- .pB/ qX _M/HH- `K JX L2`bBbbBM- CQM a2Hp2`biQM2 oH2M@
iBM2- "`Bii >2/KM- E2Bi? PX >Q/;bQM- M/ 1/r`/ AX aQHQKQMX s@`v #bQ`T@
iBQM 1/;2 M/ 1s6a aim/B2b Q7 i?2 "Hm2 *QTT2` aBi2 BM ai2HH+vMBM, 1z2+ib
Q7 tBH KB/2 *QQ`/BMiBQMX h?2 CQm`MH Q7 S?vbB+H *?2KBbi`v "- Ry9U9eV,
Ry3R9ĜRy3RN- LQp2K#2` kyyyX AaaL R8ky@eRyeX /QB, RyXRykRfDTyyRjj9/X l_G
?iiT,ff/tX/QBXQ`;fRyXRykRfDTyyRjj9/X
(Rye) PH2 6`p2`- G`b EX aFQp- hQ`#DQ2`M Sb+?2`- "X :Q2`M E`HbbQM- J`;`2i
LQ`/HBM;- G2MM`i :X GmM/#2`;- hQ`2 o2MM;`/- M/ Ab`2H S2+?iX AM@
i`KQH2+mH` 2H2+i`QM i`Mb72` BM bBM;H2@bBi2@Kmii2/ xm`BMbX "BQ+?2KBbi`v- jk
Uk3V,djRdĜdjkk- CmHv RNNjX AaaL yyye@kNeyX /QB, RyXRykRf#ByyydNyjRX l_G
?iiT,ff/tX/QBXQ`;fRyXRykRf#ByyydNyjRX
(Ryd) aX h`biiBX h?2 #bQHmi2 2H2+i`Q/2 TQi2MiBH, M 2tTHMiQ`v MQi2 U_2+QKK2M/@
iBQMb RN3eVX Sm`2 M/ TTHB2/ *?2KBbi`v- 83UdV,9RdĜ9k3- CMm`v RN3eX AaaL Rje8@
jyd8- yyjj@9898X /QB, RyXRj8RfT+RN3e83ydyN88X l_G ?iiT,ffrrrX/2;`mvi2`X
+QKfpB2rfDfT+XRN3eX83XBbbm2@dfT+RN3e83ydyN88fT+RN3e83ydyN88XtKHX
(Ry3) q2M@:2 >M M/ GQmBb LQQ/H2KMX ZmMimK +Hmbi2` bBx2 M/ bQHp2Mi TQH`@
Biv 2z2+ib QM i?2 ;2QK2i`B2b M/ Jƺbb#m2` T`QT2`iB2b Q7 i?2 +iBp2 bBi2 KQ/2H
7Q` `B#QMm+H2QiB/2 `2/m+ib2 BMi2`K2/Bi2 s,  /2MbBiv 7mM+iBQMH i?2Q`v bim/vX
h?2Q`2iB+H *?2KBbi`v ++QmMib- Rk8Uj@eV,jy8ĜjRd- T`BH kyyNX AaaL R9jk@33Rs-
R9jk@kkj9X /QB, RyXRyydfbyykR9@yyN@y8ee@9X l_G ?iiT,ffHBMFXbT`BM;2`X+QKf
`iB+H2fRyXRyydfbyykR9@yyN@y8ee@9X
(RyN) CBM; GBm- amK2M *?F`#Q`iv- S`Bb >Qbb2BMx/2?- uM; um- a?BHBM; hBM- A;Q`
S2i`BF- K#BF "?;B- M/ uB GmX J2iHHQT`Qi2BMb *QMiBMBM; *viQ+?`QK2- A`QM
m amH7m`- Q` *QTT2` _2/Qt *2Mi2`bX *?2KB+H _2pB2rb- RR9U3V,9jeeĜ99eN- T`BH
kyR9X AaaL yyyN@kee8X /QB, RyXRykRf+`9yy9dN#X l_G ?iiT,ff/tX/QBXQ`;fRyX
RykRf+`9yy9dN#X
(RRy) C2p2`bQM 6`xxQM M/ .2MMBb _ .2MX 6Q`KiBQM Q7 B`QM m bmH7m` +Hmbi2`b
BM #+i2`B, M 2K2`;BM; }2H/ BM #BQBMQ`;MB+ +?2KBbi`vX *m``2Mi PTBMBQM
BM *?2KB+H "BQHQ;v- dUkV,ReeĜRdj- T`BH kyyjX AaaL Rjed@8NjRX /QB, RyX
RyRefaRjed@8NjRUyjVyyykR@3X l_G ?iiT,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f
`iB+H2fTBBfaRjed8NjRyjyyykR3X
(RRR) uX AX a?2i?M- SX qX qBHbQM- _vKQM/ 1X >Mb2M- M/ >2HKmi "2BM2`iX A.1L@
hA6A*hAPL "u AaPhPSA* al"ahAhlhAPL P6 h>1 1S_ aA:LG h ; 4
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RXN9 AL  LPL@>1J1 A_PL S_Ph1AL 6_PJ wPhP"*h1_ X S`Q+22/@
BM;b Q7 i?2 LiBQMH +/2Kv Q7 a+B2M+2b Q7 i?2 lMBi2/ aii2b Q7 K2`B+- 8kU8V,
RkejĜRkdR- LQp2K#2` RNe9X AaaL yykd@39k9X l_G ?iiT,ffrrrXM+#BXMHKXMB?X
;QpfTK+f`iB+H2bfSJ*jyy9j9fX
(RRk) .X *X uQ+? M/ _X SX *`Bi?2`bX "+i2`BH B`QM@bmH7m` T`Qi2BMbX JB+`Q#BQHQ;B+H
_2pB2rb- 9jUjV,j39Ĝ9kR- a2Ti2K#2` RNdNX AaaL yR9e@yd9NX
(RRj) qHi2` GQp2M#2`;- "Q# "X "m+?MM- M/ C2bb2 *X _#BMQrBixX aim/B2b QM i?2
*?2KB+H Lim`2 Q7 *HQbi`B/BH 62``2/QtBMX CQm`MH Q7 "BQHQ;B+H *?2KBbi`v- kj3
URkV,j3NNĜjNRj- .2+2K#2` RNejX AaaL yykR@Nk83- Ry3j@j8RsX l_G ?iiT,ffrrrX
D#+XQ`;f+QMi2Mifkj3fRkfj3NNX
(RR9) "Q# "X "m+?MM- qHi2` GQp2M#2`;- M/ C2bb2 *X _#BMQrBixX  *PJS_AaPL
P6 *GPah_A.AG 61__1.PsALa X S`Q+22/BM;b Q7 i?2 LiBQMH +/2Kv Q7
a+B2M+2b Q7 i?2 lMBi2/ aii2b Q7 K2`B+- 9NUjV,j98Ĝj8j- J`+? RNejX AaaL yykd@
39k9X l_G ?iiT,ffrrrXM+#BXMHKXMB?X;QpfTK+f`iB+H2bfSJ*kNN3jyfX
(RR8) EmMBQ h;r M/ .MB2H AX `MQMX PtB/iBQM@`2/m+iBQM TQi2MiBHb M/ biQB@
+?BQK2i`v Q7 2H2+i`QM i`Mb72` BM 72``2/QtBMbX "BQ+?BKB+ 2i "BQT?vbB+ +i
U""V @ "BQ2M2`;2iB+b- R8jUjV,eykĜeRj- T`BH RNe3X AaaL yyy8@kdk3X /QB, RyX
RyRefyyy8@kdk3Ue3VNyR33@eX l_G ?iiT,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f
`iB+H2fTBBfyyy8kdk3e3NyR33eX
(RRe) GQmBb LQQ/H2KM- CQ2 :X LQ`KM- CQb2T? >X Pb#Q`M2- `B2 BxKM- M/ .pB/ X
*b2X JQ/2Hb 7Q` 72``2/QtBMb, 2H2+i`QMB+ bi`m+im`2b Q7 B`QM@bmH7m` +Hmbi2`b rBi?
QM2- irQ- M/ 7Qm` B`QM iQKbX CQm`MH Q7 i?2 K2`B+M *?2KB+H aQ+B2iv- Ryd
URkV,j9R3Ĝj9ke- CmM2 RN38X AaaL yyyk@d3ejX /QB, RyXRykRfDyykN3yy9X l_G
?iiT,ff/tX/QBXQ`;fRyXRykRfDyykN3yy9X
(RRd) GQmBbX LQQ/H2KM- .pB/ X *b2- M/ `B2X BxKMX "`QF2M bvKK2i`v MHvbBb
Q7 bTBM +QmTHBM; BM B`QM@bmH7m` +Hmbi2`bX CQm`MH Q7 i?2 K2`B+M *?2KB+H aQ+B2iv-
RRyU9V,RyyRĜRyy8- 62#`m`v RN33X AaaL yyyk@d3ejX /QB, RyXRykRfDyykRkyyjX
l_G ?iiT,ff/tX/QBXQ`;fRyXRykRfDyykRkyyjX
(RR3) C2M@J`B2 JQm2b+- CmM GX *?2M- GQmBb LQQ/H2KM- .QMH/ "b?7Q`/- M/
.pB/ X *b2X .2MbBiv 6mM+iBQMHfSQBbbQM@"QHixKMM *H+mHiBQMb Q7 _2/Qt SQ@
i2MiBHb 7Q` A`QM@amH7m` *Hmbi2`bX CQm`MH Q7 i?2 K2`B+M *?2KB+H aQ+B2iv- RRe
UkeV,RR3N3ĜRRNR9- .2+2K#2` RNN9X AaaL yyyk@d3ejX /QB, RyXRykRfDyyRy8yjjX
l_G ?iiT,ff/tX/QBXQ`;fRyXRykRfDyyRy8yjjX
(RRN) Gm+B "M+B- ApMQ "2`iBMB- :BQpMMB :Q`B ap2HHBMB- M/ *Hm/BQ Gm+?BMiX AM@
/BpB/mH _2/m+iBQM SQi2MiBHb Q7 i?2 A`QM AQMb BM 62kbk M/ >B;?@SQi2MiBH 629b9
"B#HBQ;`T?v Nk
62``2/QtBMbX AMQ`;MB+ *?2KBbi`v- j8UR9V,9k93Ĝ9k8j- CMm`v RNNeX AaaL yyky@
ReeNX /QB, RyXRykRfB+Neyy8R[X l_G ?iiT,ff/tX/QBXQ`;fRyXRykRfB+Neyy8R[X
(Rky) CBM GB- J2HMB2 _X L2HbQM- *?mM uX S2M;- .QMH/ "b?7Q`/- M/ GQmBb LQQ/H2@
KMX AM+Q`TQ`iBM; S`Qi2BM 1MpB`QMK2Mib BM .2MbBiv 6mM+iBQMH h?2Q`v,  a2H7@
*QMbBbi2Mi _2+iBQM 6B2H/ *H+mHiBQM Q7 _2/Qt SQi2MiBHb Q7 (k72kb) *Hmbi2`b BM
62``2/QtBM M/ S?i?Hi2 .BQtv;2Mb2 _2/m+ib2X h?2 CQm`MH Q7 S?vbB+H *?2K@
Bbi`v - RykUjRV,ejRRĜejk9- CmHv RNN3X AaaL Ry3N@8ejNX /QB, RyXRykRfDTN3yd8jrX
l_G ?iiT,ff/tX/QBXQ`;fRyXRykRfDTN3yd8jrX
(RkR) hQ`m JibmB- ubmiF EBi;r- JBibmiF PFmKm`- ubmi2`m a?B;2i- M/
a?B;2vQb?B aFFBX *QMbBbi2Mi b+?2K2 7Q` +QKTmiBM; biM/`/ ?v/`Q;2M 2H2+i`Q/2
M/ `2/Qt TQi2MiBHbX CQm`MH Q7 *QKTmiiBQMH *?2KBbi`v- j9URV,kRĜke- CMm`v
kyRjX AaaL RyNe@N3dsX /QB, RyXRyykfD++XkjRyyX l_G ?iiT,ffQMHBM2HB#``vX
rBH2vX+QKf/QBfRyXRyykfD++XkjRyyf#bi`+iX
(Rkk) hQ`m JibmB- ubmiF EBi;r- ubmi2`m a?B;2i- M/ JBibmiF PFmKm`X 
.2MbBiv 6mM+iBQMH h?2Q`v "b2/ S`QiQ+QH iQ *QKTmi2 i?2 _2/Qt SQi2MiBH Q7
h`MbBiBQM J2iH *QKTH2t rBi? i?2 *Q``2+iBQM Q7 Sb2m/Q@*QmMi2`BQM, :2M2`H
h?2Q`v M/ TTHB+iBQMbX CQm`MH Q7 *?2KB+H h?2Q`v M/ *QKTmiiBQM- NUdV,
kNd9ĜkN3y- CmHv kyRjX AaaL R89N@NeR3X /QB, RyXRykRf+i9yyke8jX l_G ?iiT,
ff/tX/QBXQ`;fRyXRykRf+i9yyke8jX
(Rkj) hQ`m JibmB- ubmiF EBi;r- JBibmiF PFmKm`- M/ ubmi2`m a?B;2iX
++m`i2 aiM/`/ >v/`Q;2M 1H2+i`Q/2 SQi2MiBH M/ TTHB+iBQMb iQ i?2 _2/Qt
SQi2MiBHb Q7 oBiKBM * M/ L.fL.>X h?2 CQm`MH Q7 S?vbB+H *?2KBbi`v -
RRNUkV,jeNĜjde- CMm`v kyR8X AaaL Ry3N@8ejNX /QB, RyXRykRfDT8y3jy3vX l_G
?iiT,ff/tX/QBXQ`;fRyXRykRfDT8y3jy3vX
(Rk9) *X "BM/- X *Q/- X HBp2`iB- :X wM2iiB- M/ X Jii2pBX ai`m+im`2 Q7 i?2
KmiMi 1NkF Q7 (k72@kb) 72``2/QtBM A 7`QK aTBM+B QH2`+2 i RXd  `2bQHmiBQMX +i
*`vbiHHQ;`T?B+X a2+iBQM .- "BQHQ;B+H *`vbiHHQ;`T?v- 89USi e Si kV,Rj8jĜRj83-
LQp2K#2` RNN3X AaaL yNyd@999NX
(Rk8) >QH;2` q2#2`i- ap2M@M/`2b 6`2B#2`i- M;2HQ :HHQ- hQ`bi2M >2B/2M`2B+?- lr2
GBMM2- ai27M KH+?2`- 1/ >m`i- lH`B+? JɃ?H2M?Qz- Gm+B "M+B- M/ _QHM/
GBHHX 6mM+iBQMH `2+QMbiBimiBQM Q7 KBiQ+?QM/`BH 62fa +Hmbi2` bvMi?2bBb QM AbmR
`2p2Hb i?2 BMpQHp2K2Mi Q7 72``2/QtBMX Lim`2 *QKKmMB+iBQMb- 8,8yRj- P+iQ#2`
kyR9X AaaL ky9R@RdkjX /QB, RyXRyj3fM+QKKbeyRjX
(Rke) EX uK;m+?B- uX hF?`- hX 6m2MQ- M/ EX LX >QmFX 1ti2M/2/ >`i`22@6Q+F
U1>6V i?2Q`v Q7 +?2KB+H `2+iBQMbX h?2Q`2iB+ +?BKB+ +i- djU8V,jjdĜje9- RN33X
"B#HBQ;`T?v Nj
AaaL R9jk@kkj9X /QB, RyXRyydf"6yy8kdd9yX l_G ?iiT,ff/tX/QBXQ`;fRyXRyydf
"6yy8kdd9yX
(Rkd) EX uK;m+?B- 6X C2Mb2M- X .Q`B;Q- M/ EX LX >QmFX  bTBM +Q``2+iBQM T`Q@
+2/m`2 7Q` mM`2bi`B+i2/ >`i`22@6Q+F M/ JǠHH2`@SH2bb2i rp27mM+iBQMb 7Q` bBM@
;H2i /B`/B+Hb M/ TQHv`/B+HbX *?2KB+H S?vbB+b G2ii2`b- R9N,8jdĜ89k- a2Ti2K@
#2` RN33X AaaL yyyN@keR9X /QB, RyXRyRefyyyN@keR9U33V3yjd3@eX l_G ?iiT,
ff/b#bX?`p`/X2/mf#bfRN33*SGXXXR9NXX8jduX
(Rk3) EX uK;m+?B- JX PFmKm`- qX JQ`B- CX JFB- EX hF/- hX LQ`Q- M/
EX hMFX *QKT`BbQM #2ir22M bTBM `2bi`B+i2/ M/ mM`2bi`B+i2/ TQbi@>`i`22
⾴6Q+F +H+mHiBQMb Q7 2z2+iBp2 2t+?M;2 BMi2;`Hb BM AbBM; M/ >2Bb2M#2`; KQ/@
2HbX *?2KB+H S?vbB+b G2ii2`b- kRyURV,kyRĜkRy- CmHv RNNjX AaaL yyyN@keR9X
/QB, RyXRyRefyyyN@keR9UNjV3NRk9@wX l_G ?iiT,ffrrrXb+B2M+2/B`2+iX+QKf
b+B2M+2f`iB+H2fTBBfyyyNkeR9Nj3NRk9wX
(RkN) >Qr`/ _2Bbb M/ /K >2HH2`X h?2 #bQHmi2 TQi2MiBH Q7 i?2 biM/`/ ?v/`Q;2M
2H2+i`Q/2,  M2r 2biBKi2X h?2 CQm`MH Q7 S?vbB+H *?2KBbi`v- 3NUkyV,9kydĜ9kRj-
a2Ti2K#2` RN38X AaaL yykk@je89X /QB, RyXRykRfDRyykeeyRjX l_G ?iiT,ff/tX
/QBXQ`;fRyXRykRfDRyykeeyRjX
(Rjy) *b2v SX E2HHv- *?`BbiQT?2` CX *`K2`- M/ .QMH/ :X h`m?H`X [m2Qmb aQHpiBQM
6`22 1M2`;B2b Q7 AQMb M/ AQM qi2` *Hmbi2`b "b2/ QM M ++m`i2 oHm2 7Q` i?2
#bQHmi2 [m2Qmb aQHpiBQM 6`22 1M2`;v Q7 i?2 S`QiQMX h?2 CQm`MH Q7 S?vbB+H
*?2KBbi`v "- RRyUjkV,ReyeeĜRey3R- m;mbi kyyeX AaaL R8ky@eRyeX /QB, RyXRykRf
DTyej88kvX l_G ?iiT,ff/tX/QBXQ`;fRyXRykRfDTyej88kvX
(RjR) .?KKBF2 SX .BbbMvF2 M/ _D2M/`K a2Mi?BHMBi?vX h?2`KQ/vMKB+ +v+H2 7Q`
i?2 +H+mHiBQM Q7 # BMBiBQ TE pHm2b 7Q` ?v/`QtKB+ +B/bX CQm`MH Q7 JQH2+mH`
ai`m+im`2, h>1P*>1J- NRyURV,NjĜN3- a2Ti2K#2` kyyNX AaaL yRee@Rk3yX /QB, RyX
RyRefDXi?2Q+?2KXkyyNXyeXykRX l_G ?iiT,ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f
`iB+H2fTBBfayReeRk3yyNyy9y9dX
(Rjk) "Bb?Mm h?T M/ >X "2`M?`/ a+?H2;2HX .2MbBiv 6mM+iBQMH h?2Q`v *H+mHiBQM
Q7 TEbb Q7 h?BQHb BM [m2Qmb aQHmiBQM lbBM; 1tTHB+Bi qi2` JQH2+mH2b M/ i?2
SQH`Bx#H2 *QMiBMmmK JQ/2HX h?2 CQm`MH Q7 S?vbB+H *?2KBbi`v - RkyUk3V,
8dkeĜ8dj8- CmHv kyReX AaaL Ry3N@8ejNX /QB, RyXRykRf+bXDT+Xe#y8y9yX l_G
?iiT,ff/tX/QBXQ`;fRyXRykRf+bXDT+Xe#y8y9yX
(Rjj) JBibmQ a?QDB- ubmMQ`B uQb?BQF- M/ EBxb?B uK;m+?BX M 2{+B2Mi BMBiBH
;m2bb 7Q`KiBQM Q7 #`QF2M@bvKK2i`v bQHmiBQMb #v mbBM; HQ+HBx2/ Mim`H Q`#BiHbX




(Rj9) _X >X aM/b M/ qX _X .mM?KX aT2+i`Qb+QTB+ bim/B2b QM irQ@B`QM 72``2/QtBMbX
Zm`i2`Hv _2pB2rb Q7 "BQT?vbB+b- dU9V,99jĜ8y9- LQp2K#2` RNd9X AaaL yyjj@83j8X
(Rj8) _mB7M; GB- _Q#2`iQ S2p2`iB- JB?Q Ab2;r- M/ .QMH/ :X h`m?H`X bb2bbK2Mi
M/ oHB/iBQM Q7 .2MbBiv 6mM+iBQMH TT`QtBKiBQMb 7Q` A`QM *`#B/2 M/ A`QM
*`#B/2 *iBQMX h?2 CQm`MH Q7 S?vbB+H *?2KBbi`v - RRdURV,ReNĜRdj- CMm`v
kyRjX AaaL Ry3N@8ejNX /QB, RyXRykRfDTjydNRyeX l_G ?iiTb,ff/QBXQ`;fRyXRykRf
DTjydNRyeX
(Rje) J`F CK2b #`?K- h22Km Jm`iQH- _QHM/ a+?mHx- axBH`/ SHH- C2`2Kv *X
aKBi?- "2`F >2bb- M/ 1`BF GBM/?HX :_PJ*a, >B;? T2`7Q`KM+2 KQH2+mH`
bBKmHiBQMb i?`Qm;? KmHiB@H2p2H T`HH2HBbK 7`QK HTiQTb iQ bmT2`+QKTmi2`bX aQ7i@
r`2s- R−k,RNĜk8- a2Ti2K#2` kyR8X AaaL kj8k@dRRyX /QB, RyXRyRefDXbQ7itXkyR8X
yeXyyRX
